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Abstract 
 
The achievement of molecular assemblies containing transition metal clusters inserted 
in the main chain of a polymer, especially if the cluster-cluster connection is made 
through conjugated spacers covalently bonded to the metal atoms is a poorly explored 
field of modern organometallic chemistry and nanotechnology. This Thesis deals with 
the synthesis, and the spectroscopical, electrochemical and spectroelectrochemical 
characterization of systems containing cluster units derived from 
[{Pt6}(CO)2](CF3SO3)2, 3(CF3SO3)2 {Pt6} = [Pt6(µ-PBut2)4(CO)4], an hexanuclear 
cluster with 82 valence electrons, of compounds containing one or two [60]fullerene 
molecules linked to one cluster unit derived from 3(CF3SO3)2 or from the 44e− 
trinuclear cluster [{Pt3}(CO)3](CF3SO3), 2(CF3SO3) {Pt3} = [Pt3(µ-PBut2)3(CO)2], and 
of new tris-phosphido bridged palladium clusters suitable to be used as synthons for 
ordered molecular assemblies. 
Clusters 2(CF3SO3) and 3(CF3SO3)2 have a stable internal core (a Pt3 triangle in the 
former and a Pt4 tetrahedron with two opposite edges bridged by two “apical” Pt atoms 
in the latter) enveloped, respectively, by 3 or 4 bulky di-t-butylphosphides, which leave 
only a few and well-located reactive positions, mutually directed, respectively, at 120° 
and 180°. The study of the general reactivity of these compounds has shown that, 
leaving unchanged the {Pt3} or the {Pt6} cores, it is possible to substitute all the three or 
only one carbonyl ligand in the trinuclear cluster and that the substitution reactions 
occur selectively on the two “apical” platinum atoms in the hexanuclear cluster. For 
example, 2(CF3SO3), reacts with an excess of an halide salt achieving the 
monosubstituted derivative {Pt3}X, and, in the same reaction conditions, 3(CF3SO3)2 
gives the dihalo cluster {Pt6}X2; moreover, the reaction of {Pt6}Cl2 (4) with NaBH4 
affords the dihydride derivative {Pt6}H2 (5), which is a useful precursor for the 
introduction of other functionalities in the apical positions. Thanks to these features, 
these clusters are suitable synthons for the synthesis of ordered molecular assemblies.  
Starting from the knowledge of the general reactivity of these derivatives, we prepared 
the asymmetric derivative {Pt6}(H)(OSO2CF3) (6), by treating a solution of 5 in dry 
Et2O with triflic acid, and the alkynyl derivatives [{Pt3}(CCC6H4CHO)] (13) and 
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[{Pt6}(CCC6H4CHO)2] (17), by reacting the corresponding chloro-derivative with 4-
ethynyl-benzaldehyde (12), under Sonogashira-type conditions (NEt3 as the solvent and 
a catalytic amount of CuI). Moreover, 6, 13 and 17 were employed as precursors for the 
synthesis of the “dicluster” compounds [{Pt6}(H)]2(µ-Y) [9(CF3SO3)2, Y = 4,4′-
bipyridine; 10(CF3SO3)2, Y =1,4-dicyanobenzene], which were prepared by reacting 6 
with a stoichiometric amount of the appropriate bifunctional ligand, and of the neutral 
compounds [{Pt3}CCC6H4C2H3N(C8H17)C60] (16) and 
[{Pt6}{CCC6H4C2H3N(C8H17)C60}2] (18), achieved by refluxing a chloro-benzene 
solution of [60]fullerene, N-octylglycine and, respectively, 13 or 17. All new derivatives 
were characterized by IR and multinuclear NMR spectroscopies and the structure of 
cluster 13 was confirmed by a single crystal X-ray diffraction study. 
In addition, cyclovoltammetric and spectroelectrochemical measurements on CH2Cl2 
solution of 9(CF3SO3)2, 10(CF3SO3)2, 13 and 16 were performed, in order to evaluate 
the intramolecular electron delocalization. 
The cyclovoltammetric profile of 9(CF3SO3)2 and 10(CF3SO3)2 shows a number of 
reduction processes higher than in the “single” hexanuclear derivatives, which undergo 
two reversible monoelectronic reduction processes. This may suggest a possible 
electron transfer, and the IR spectra recorded during their stepwise reduction allowed 
the characterization of the reduced species. 
Furthermore, 13 and 16 undergo two oxidation processes, typical of the trinuclear 
derivatives, and the voltammogram of 16 shows, also, three reduction processes, due to 
the presence of the fullerene unit. Also in this case, the oxidation products of 13 and 16 
were characterized by IR, UV-Vis and NIR spectroelectrochemical measurements.  
In order to enlarge the library of clusters usable as synthons for ordered molecular 
structures, the trinuclear monohalide clusters {Pd3}(CO)2X [{Pd3} = Pd3(µ-PBut2)3; X = 
Br (20), I (21)] were prepared by reacting stoichiometric amounts of the proper t-
butylammonium halide and the dinuclear complex [Pd(PBut2H)(µ-PBut2)]2 (19). The 
reaction of 21 with CNBut, leads to the substitution of all the terminal ligands affording 
the symmetrical cluster [{Pd3}(CNBut)3]I, 26(I). Metathesis of the anion, obtained by 
treating 26(I) with AgCF3SO3 or AgPF6, afforded cleanly the new salts 26(CF3SO3) or 
26(PF6), respectively. The cationic clusters [{Pd3}(CO)2(NCCH3)](PF6), 24(PF6), 
[{Pd3}(CO)2(Py)](PF6), 25(PF6) and [{Pd3}(CO)3](PF6), 23(PF6), were respectively 
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obtained by reacting 21 with TlPF6 under nitrogen in acetonitrile or in pyridine solution 
or under 1 atm of carbon monoxide in THF. Finally, {Pd3}(CO)2Cl (22) was achieved 
by the reaction of 23(PF6) with [(PPh3)2N]Cl. All clusters have been obtained in good 
yields and purity and have been characterized by microanalysis and IR and multinuclear 
NMR spectroscopies. Single crystal X-ray diffraction studies on 20 and 
[{Pd3}(CNBut)3](CF3SO3), 26(CF3SO3), confirmed the structures suggested on the basis 
of the spectroscopical characterization.  
The cyclovoltammetric profile exhibited in dichloromethane solution by the palladium 
clusters prepared in this work is characterized by the presence of two oxidation 
processes, whose reversibility and potentials depend on the ligands’ nature. Moreover, 
UV-Vis and IR spectroelectrochemical studies on 21, 23(PF6) and 26(PF6) provide the 
spectroscopical characterization of the stable electrogenerated oxidized species and 
details for the redox-coupled reactions of metastable products. 
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1 Introduction 
 
In 1964 F. A. Cotton introduced the term “Cluster”, in substitution of terms like 
“Staphylonuclear” and “Cage” used previously to define compounds for which the 
presence of direct bonds between a finite number of metal centers was unquestionably 
established.1 Thus, a polynuclear transition metal complex is not necessarily a cluster 
complex. An even more strict definition describes a metal cluster2 as a finite number of 
metal atoms (at least three) held together among themselves by direct metal-metal 
bonds. Besides the set of metal centers, a molecular cluster contains a certain number of 
terminal or bridging ligands, and may contain one or more elements of the principal 
groups, localized inside or on the surface of the polymetallic unit. Since the seminal 
papers published by Cotton1 on Re(III) dimers and trimers with multiple metal-metal 
bonds, clusters chemistry has grown exponentially, thanks also to the essential 
contribution given by the continuous improvement of X-ray crystallography. 
Transition metal clusters could be subdivided in two main classes:2d organometallic 
clusters, in which the metals are in a low oxidation state (around zero, or also negative) 
and are coordinated to π-acidic ligands (mainly carbon monoxide) and inorganic 
clusters, with the metals in medium oxidation state and coordinated to σ-donor (and 
often π-donor) ligands as halides, alkoxides, carboxilates or amides. Generally, clusters 
belonging to the first class have nuclearity (number of metal atom) that can either be 
very low (< 6) or very high (up to 154) and single or fractional metal-metal bond order. 
The others, on the contrary, have low nuclearity and often contain multiple metal-metal 
bonds.3,4 
Clusters with a low nuclearity frequently have highly symmetrical structures. Metal 
atoms tend to aggregate in regular deltahedra (polyhedra with equilateral triangular 
faces) like tetrahedra, trigonal bipyramids and octahedra. There are also other less 
symmetrical structures, which may be considered as derived from deltahedra by rupture 
of one or more metal-metal bonds (Figure 1). Clusters with higher nuclearity have less 
regular structures arising from the progressive addition of metal centers to bridge bonds 
or to cap faces of the simpler deltahedral structures, or by condensation by atom-, bond- 
or face-sharing of smaller structures. Pseudo-spheric structures (eg. cube, icosahedron) 
are common only in the presence of interstitial atoms. 
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Figure 1. Examples of cluster structures. 
 
Often, the disposition of the metal centers is similar to those observed in close-packed 
bulk metals. This is frequent if the cluster nuclearity is high, even if triangular, 
tetrahedral and octahedral geometries may be considered as fragments of the hexagonal 
close-packing.2a 
Cluster structures may be correlated with the number of valence electrons (NVE) and 
the nuclearity of the cluster itself. Small clusters (five or less metal atoms) often obey 
the 18-e− rule; in this case, the NVE of the cluster is correlated to the nuclearity x and to 
the number of metal-metal bonds y by equation (1): 
     NVE = 18x - 2y   (1) 
When the number of metal atoms increases, the 18-e− rule is no more obeyed;5 for this 
reason, new rules have been proposed. The most general are the PSEP (Polyhedral 
Skeletal Electron Pair, or Wade-Mingos, rules),5,6 based on a molecular orbital 
treatment of the bond which adapt the rules stated before for boranes and carboranes to 
transition or post-transition metal clusters with pseudo-spherical (closo) or more open 
(nido or arachno) structures, as well as with other less regular structures.  
Without entering into the details of these rules, they allow to assign a typical NVE to 
each of the most commonly found cluster structures, for example a tetrahedral or an 
octahedral cluster are respectively expected to have 60 or 86 valence electrons (see 
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Table 1 for other NVE-structure relationships). Two electrons must be added to each 
number when one metal-metal bond is broken, for example, by breaking one of the six 
metal-metal bond of a tetrahedral cluster we obtain the butterfly structure with NVE = 
62, the opening of a further MM bond affords the square-planar geometry with NVE = 
64. 
Table 1. Example of correspondence between cluster structures and NVE. 
Cluster geometry NVE Examples 
Triangle 48 Os3(CO)12 
Tetrahedron 60 Rh4(CO)12 
Square plane 64 Pt4(MeCO2)8 
Trigonal bipyramid 72 Os5(CO)16 
Square pyramid 74 Fe5(CO)15C 
Octahedron 86 Ru6(CO)17C 
Trigonal prism 90 [Rh6(CO)15C]2- 
Square antiprism 114 [Co8(CO)18C]2- 
Cube 120 Ni8(PPh)6(CO)8 
 
The PSEP rules are generally valid only for clusters with 12 or less metal centers. Other 
rules are stated for larger clusters, but their reliability is inversely proportional to the 
nuclearity of the cluster.7 Indeed, upon increasing the number of metal centers, the 
molecular orbitals become more numerous and closer and closer in energy, also in the 
frontier area. As the number of non-bonding or weakly bonding or anti-bonding orbitals 
increases, the cluster becomes relatively stable with a variable number of electrons and 
may behave as an electron reservoir (molecular capacitor). 
In the last years, the interest for the properties of this latter type of clusters has 
contributed to the development of an active research on the synthesis and the 
characterization of high-nuclearity clusters, the so called “giant clusters”. Until now, a 
lot of giant clusters have been prepared and crystallographically characterized;8 to the 
best of our knowledge, the largest structurally characterized cluster is presently 
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Pd154(CO)60(PEt3)30, which has been prepared by Dahl et al..9 These clusters are 
interesting also because: a) it is not fully clear where is the threshold above which 
electronic structure of the cluster becomes similar to the one typical of bulk metals; b) 
since molecular clusters become larger, and nanoparticles and colloids (which, 
differently from molecular clusters, are polydispersed particles with undefined 
composition and structure) are getting smaller and smaller, soon it will not be possible 
to differentiate them in terms of nuclearity. The knowledge of the properties of giant 
molecular clusters will be helpful to understand the properties of nanoparticles, 
especially as concerns quantum effects, which are correlated to their dimensions.10 
Another field investigated in detail recently is the search for new compounds containing 
linear metal-metal bonded chains.11,12,13 These compounds are considered as molecular 
models of an ordinary wire, which is a long and thin piece of metal covered with a 
flexible organic or polymeric insulator. In the molecular models, a single linear chain of 
metal atoms is coordinated to proper bridging ligands which, in addition to force to 
linearity (that is an unusual arrangement for polymetallic systems), behave as 
“insulators” (Figure 2).11m  
 
Figure 2. Schematic representation of a a) macrowire and a b) molecular wire. 
 
Along these lines, extended metal atom chain (EMAC) systems, with up to 9 metal 
centers kept together by polypyridylamido ligands, have been developed independently 
by Cotton11 and Peng.12 For example, Cotton has studied linear trinuclear complexes of 
general formula M3(dpa)4L2 (dpa = 2,2′-dipyridylamide, Figure 3).11g By chemically or 
electrochemically varying the oxidation states of the metal centers, these compounds 
show a remarkable variation of the metal-metal bond order and of the electron 
delocalization across the metal chain. 
a) b) 
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Figure 3. Linear trinuclear complexes of the type M3(dpa)4L2. 
 
Peng and co-workers have synthesized mono-dimensional polymers in which linear 
trinuclear complexes as Ni3(dpa)4(PyCOO)2 are linked to the axial sites of 
metalloporphyrins (Figure 4). Due to the optical, electronic and photophysical 
properties of the porphyrin moieties, these co-polymers are good candidates for several 
applications as sensors, magnetic materials and catalysts.12c 
 
Figure 4. Example of trinickel EMACs and metalloporphyrins co-polymer. 
 
During the last years, systems containing non-linear polymetallic compounds as charge- 
and electron-transfer materials, such as functionalized ionic materials obtained by 
assembling functional anionic molecular clusters with suitable cations, have been 
prepared.14 For example, Longoni and co-workers prepared different viologen salts of 
bimetallic carbonyl clusters, in particular [EtV]2[Fe4Pt(CO)16], 
[EtV][Fe4Au(CO)16]2.2THF and [EtV][Fe3Pt3(CO)15] . THF, (where EtV = 1,1´-diethyl-
4,4´-bipyridilium cation), in which the redox-active organic cation has formal redox 
potentials comparable to those of the metal cluster anions. Resistivity measurements 
showed that the mixed [EtV][Fe3Pt3(CO)15] . THF salt displays a resistivity in pressed 
pellets that is three/four orders of magnitude smaller than the one of similar salts 
containing a nonredox cation, [NMe2CH2Ph]2[Fe3Pt3(CO)15], and typical of a 
semiconductor.14b 
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Possible developments in the fascinating new field of molecular electronics are 
expected for these and similar structures, as well as for high nuclearity metal clusters 
that behave as electron reservoirs, and are being studied as molecular 
nanocapacitors.15,16  
A new type of synthetic application is recently attracting considerable and increasing 
interest; according to this approach small metal clusters are used as the precursors of 
large molecular “polycluster” aggregates in which two or more cluster units are not 
connected by new metal-metal bonds but by firmly bonded organic, inorganic or 
organometallic spacers. 
 
1.1 Cluster-containing molecular assemblies. 
1.1.1 “Small” assemblies. 
An attractive development of molecular cluster chemistry concerns the synthesis of 
molecular assemblies containing transition metal cluster units kept together via bridging 
ligands in predefined patterns (polycluster derivatives). Although a systematic research 
in this field has grown up only in the last decade, a relevant number of dicluster 
structures is now available. As far as the cluster-bridging ligand connection is 
concerned, this is more frequently made with coordinative bonds with bifunctional 
ligands with P, O, N, S donors (especially with bridging diphosphines) than with metal-
carbon bonds; in the latter case bis-carbynes,17 bis-alkyne18 and bis-alkynyl19 ligands 
are of common use. Most of these derivatives contain M3 units with M = Co,20 Os,21 
Mo,22 W23 and Ru24. As concerns bridging bis-alkynyls, only in a few examples, the 
alkynyl-cluster bond is of the σ, η1,µ3 type,
25 while more generally it involves also the 
π-electrons of the CC triple bond. 
Surprisingly, since Pt3 clusters are relatively common, only a very few Pt3 dicluster 
derivatives have been reported until now. To the best of our knowledge, these are 
limited to [Pt3](µ-SiMe2-R-Me2Si)[Pt3] ([Pt3] = Pt3(µ-PPh2)3(PEt3)2, R = 1,4-
diphenylene, 1,1’-ferrocenylene), recently reported by Osakada,26 and to the interesting 
class of derivatives Pt6(µ2-CO)6(µ2-PP)2(PP)2 or Pt6(µ2-CO)6(µ2-PP)3 (PP = Ph2P-
(CH2)n-PPh2, n = 1-3)  described by Puddephatt in the middle 90ties, which contain two 
separate triangular Pt3(µ2-CO)3(PP) units bridged by two or three PP ligands.
27 
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Depending upon the length of the bridging diphosphine, these derivatives act as 
encapsulating agents (those containing four PP ligands after dissociation of one 
chelating diphosphine) for metal centres as Tl(I), Hg(0) 27b,c or, when the cage between 
the two triangles is too small (n = 1, 2), they bind Hg(0) or Tl(I) “externally” (Figure 
5).27d  
 
Figure 5. Examples of Pt3 dicluster derivatives. 
 
Also the Pd3 unit is not common in this type of compounds. In the few examples 
reported up to now,28 the most commonly used bridging ligands are the halides,28c-f as in 
[Pd6(µ-Br)4(µ-CO)4(PBut3)4] (Figure 6a), prepared by Mingos et al.28d by reacting the 
dinuclear complex [Pd2(µ-Br)2(PBut3)2] with [Fe2(CO)9]. Holah and co-workers,28a 
described the synthesis of  [Pd6(µ2-CO)6(µ-dppm)3], with two almost planar and nearly 
eclipsed Pd3(µ2-CO)3P3 units connected by three dppm (1,1-
Bis(diphenylphosphino)methane) ligands (Figure 6b). 
  
Figure 6. Molecular structure of a) [Pd6(µ-Br)4(µ-CO)4(PBut3)4] and b) [Pd6(µ2-
CO)6(µ-dppm)3]. 
 
a) b) 
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Other compounds with interesting electronic properties, although they do not contain 
M-M bond in the polymetallic unit, are the dimers of oxo-bridged triruthenium clusters 
Ru3(µ3-O)(µ−CΗ3CO2)6(CO)(L)(µ2−BL)Ru3(µ3-O)(µ−CΗ3CO2)6(CO)(L) (Figure 7 with 
BL = pyrazine) prepared by Kubiak et al.29.  
 
Figure 7. Structure of a dimer of trinuclear ruthenium clusters. 
 
In these compounds, the adjustment of the ancillary ligands L and of the bridging 
ligands allows a fine control of their electrochemical and spectroscopic properties. 
Thus, depending on the nature of the ligand set, either largely charge localized, 
moderately coupled (Class II in the Robin-Day classification of intervalence charge-
transfer complexes), or delocalized (Class III) systems have been prepared. Detailed 
experimental and theoretical studies on these systems shed light on fundamental aspects 
of the border between localized and delocalized systems, i. e. on the criteria that help 
distinguishing how the systems cross the “late” Class II, Class II/III borderline, “late” 
borderline, and Class III boundaries. 
Polycluster derivatives with more than two cluster units are by far less common. 
Fehlner and co-workers30 have utilized the [(CO)9Co3(µ3-C-)] cluster, functionalized 
with a carboxylate group, to prepare a variety of branched arrays with up to six Co3C 
units, and related derivatives have been described recently by Bruce31 (Figure 8a,b) and 
others.32  
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[M4O{(CO)9Co3(µ3-CCO2)}6] (M = Zn, Co)  
Figure 8. Example of polycluster derivatives with more than two cluster units. 
 
A few interesting derivatives, containing up to three cluster units, have been recently 
prepared by Humphrey and co-workers,33 who exploited the tendency of the CC triple 
bonds of polyalkynes to form M4C2 octahedra when reacted with M4 butterfly clusters 
(Figure 8c). Some other systems bridged by As, Te, O, S atoms, or triphosphine, 
hydroxy, CN or trimercapto- or tripyridyl-triazine ligands, with 3-8 cluster units, have 
also been described.34  
 
1.1.2 Clusters-containing Polymers. 
Placing transition metal centres into polymers offers a convenient way to significantly 
modify their properties and to achieve advanced materials. The metal may exist in 
various oxidation states, allowing to tune charge-transport properties, and may form 
stable compounds with unpaired electrons. The existence of co-operative interactions, 
and the alignment of the magnetic moments of transition metal ions in the solid state, 
may result in several kinds of magnetic materials with ferromagnetic, antiferromagnetic 
or superparamagnetic properties. Areas like non-linear optics and photonics, that require 
processable material with electron delocalization and polarizability, may also have 
impact from metallopolymers. Metal centres bring in close proximity many molecular 
“objects” with various types (and strength) of interactions allowing the supramolecular 
engineering of large aggregates whose shape may often be planned in advance, for 
example to obtain structures ordered in 1-, 2- or 3-dimensions, they often play a vital 
role in catalysis and in several drugs and bio-active materials. Based on these premises, 
the chemistry and interesting applications of coordination polymers are being 
a) b) c) 
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developed, but are often limited to the solid state. In organometallic polymers the 
problem of low solubility may be surpassed by inserting suitable substituents, generally 
long alkyl chains, in the molecular framework. In particularly interesting cases there is 
strong coupling between the orbitals of the transition metals and those of the conjugated 
spacers. These bridging groups are primary components of the polymer backbone and 
strongly influence the mechanical characteristics and the electronic, optical, catalytic 
and physical properties of the resulting material.  
The vast majority of organometallic oligomers contain single metal centres scattered in 
the macromolecule and connected to each other by ditopic ligands.35 A few recent 
studies concern oligomers with alternated bimetallic centres and conjugated organic 
spacers,36 but analogous derivatives with transition metal molecular clusters replacing 
the mononuclear units are synthetically very challenging and therefore uncommon. 
However, for the peculiar properties of molecular clusters, which may behave as 
electron reservoirs and molecular capacitors, single electron tunnel effect (SET) 
transistors or as solid superconductors, these materials might have an excellent potential 
for the preparation of processable, functional materials with intriguing properties.37,38,39 
Metal clusters can be found in three different positions relative to the backbone of the 
main polymer (Figure 9): 
a. clusters units are embedded into the main polymeric chain; 
b. clusters are directly bonded to a pre-formed polymeric chain; 
c. clusters can be bonded to side arms of the main chain.  
M
n M
n
M
n
a) b) c)
M= backbone = metal group  
Figure 9. Possible structures of cluster-containing polymers. 
 
While in the first case the cluster is essential for the existence of the polymer, in cases 
b) and c) the polymer, in principle, can exist also after cluster detachment.  
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Only a few examples of polymers belonging to class a) and b) are known. Generally, 
they contain Mn units linked by bifunctional P-, N- or isocyanide ligands.  In 1994, 
Puddephatt and co-workers40 described the synthesis of {[Pt3(µ2-dppm)3(µ-CN-Ar-
NC)](PF6)2}n., the first polymer with metal clusters embedded in the main chain. These 
short oligomers have been incompletely characterized since they are soluble only in 
acetone or DMSO, in which, however, extensive fragmentation of the oligomeric 
structure was observed. 
More recently, Johnson et al.41 reported the preparation of [Ru6C(CO)15(Ph2PC2PPh2)]n 
(Figure 10), the first encompassing carbonyl clusters. The polymer is well soluble and, 
therefore, more easily characterizable. 
 
Figure 10. The proposed structure of [Ru6C(CO)15(Ph2PC2PPh2)]n. 
 
By processing this material by electron beam exposure, nanowires with tunable 
conduction characteristics were produced. The polymer was prepared by reacting 
[Ru6C(CO)17] with the diphosphine linking reagent [Ph2PC2PPh2] and was isolated as a 
dark brown powder soluble in dichloromethane. Its degree of polymerisation was 
estimated to be around 1000. An example of a bimetallic cluster-containing polymer has 
been reported by Humphrey and co-workers,42 who synthesized a range of 
oligourethanes incorporating dimolybdenum-diiridium (Mo2Ir2) units into the 
oligomeric backbone, by using a step growth polycondensation approach (Figure 11). 
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Figure 11. Preparation of oligourethanes incorporating dimolybdenum-diiridium 
(Mo2Ir2) units in the oligomeric backbone. 
 
Han and co-workers43 reported the synthesis of soluble organometallic conjugated 
polymers with multinuclear ruthenium clusters [{Rux(CO)y}, x = 2-4] (Figure 12) 
bonded to azulene moieties. The composition of the clusters was found to govern the 
electronic and optical properties of the polymers, which were obtained by oxidative 
copolymerization in the presence of FeCl3 of poly(bithienyl-azulenyl) derivatives with 
different side chains (R = C10H21 or OC12H25) followed by coordination of the cluster 
units, that was achieved by refluxing the conjugated polymers with Ru3(CO)12 in 
xylenes.  
 
Figure 12. Azulene-based conjugated polymers with multinuclear ruthenium clusters 
[{Rux(CO)y}, x = 2-4]. 
 
Hurst and co-workers44 reported the synthesis and the characterization of a series of 
polymeric complexes based upon central “sandwich” tripalladium ditropylium (Tr) units 
[Pd3Tr2] connected through different halide ligands (Figure 13). Other derivatives have 
been prepared in our laboratories, and will be discussed in following sections. 
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Figure 13. Structure of the polymeric palladium complexes. 
 
On the other hand, several examples of polymers with pendant metal clusters have been 
reported.45 Again, the polymer-cluster linkage is generally made through dative linkages 
with neutral P, O, N bifunctional donors, and has been effected either by linking the 
cluster units to the preformed functionalized polymers or by polymerization of a cluster 
unit containing an olefin moiety as a substituent in one of the ligands.   
 
Figure 14. Synthesis of the styrene-[Re6(µ3-Se)8(PEt3)5(4-vinylpyridine)](SbF6)2 
copolymers. 
 
For example, Zheng and co-workers45d reported the copolymerization of styrene with 
[Re6(µ3-Se)8(PEt3)5(4-vinylpyridine)](SbF6)2 (Figure 14). The procedure afforded a 
novel inorganic-organic hybrid composite of high molecular weight and a low 
polydispersity index. This type of polymers suffers a general problem of possible 
leaching of the cluster units. 
 
1.2 Phosphido-Bridged platinum clusters as building blocks for the 
synthesis of ordered molecular assemblies. 
The 44 e- trinuclear cluster [Pt3(m-PBut2)3(CO)3](CF3SO3), 2(CF3SO3)46 and the 82 e- 
hexanuclear cluster [Pt6(m-PBut2)4(CO)6](CF3SO3)2, 3(CF3SO3)2,47 have been prepared 
in our laboratories in the frame of a research project on the utilization of di- or 
trinuclear platinum derivatives as the precursors of clusters with a higher nuclearity. 
 20 
More recently the same derivatives have been shown to be suitable synthons for the 
synthesis of ordered molecular assemblies. In fact, they: a) can be prepared in good 
yields and purity; b) have a remarkably stable polynuclear core which remains 
unchanged under the reaction conditions needed to build the final structures; c) together 
all their derivatives shown below, they exhibit a notable thermal, air and moisture 
stability and d) have a few sites with the proper reactivity, well positioned to give the 
expected shape to the final structures.  
Both are prepared from the trinuclear hydride [Pt3(µ-PBut2)3(CO)2H] (1),48 which may 
be synthesized in a few steps from K2PtCl4 (overall yield = 45%). 
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Scheme 1. Synthesis of 2(CF3SO3) and 3(CF3SO3)2. 
 
The trinuclear cluster 2(CF3SO3) was obtained in good yield (78%) as a green solid by 
treating 1 with an equimolar amount of triflic acid, under a CO atmosphere. Following 
the same procedure, but using an excess of triflic acid, the hexanuclear cluster 
3(CF3SO3)2 was isolated as a red crystalline solid (yield = 56%, Scheme 1).  
The solution and solid state structure of both clusters46 has been determined by 
spectroscopic and crystallographic studies. The structure of 2(CF3SO3), and of its 
derivatives, shows that the platinum and phosphorus atoms lie all on the same plane, 
and that the six t-butyl groups are placed half above and half below this plane, 
completely hiding the Pt3(µ-P3) core. As shown in Figure 15 by the space filling 
molecular model of the structure of cation 2+, only the terminal carbonyl ligands, 
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mutually directed at 120°, emerge from this shield, and, indeed, these are the distinctive 
reactive sites of cation 2+ in most conditions. 
 
Figure 15. Space filling molecular model of the structure of 2+. 
 
The triangular cluster [Pt3(µ-PBut2)3(CO)3](CF3SO3), 2(CF3SO3) is the precursor of 
many other derivatives;49 since generally the reaction occurs to one of the sites bearing 
a carbonyl ligand, leaving unchanged the whole [Pt3(µ-PBut2)3(CO)2] unit, from now on 
this unit will be briefly indicated by the notation {Pt3}. For example, versatile 
monohalo-derivatives may be achieved by reacting 2(CF3SO3) with NBu4X (X = Cl, Br, 
I, Scheme 2), and, starting from the chloro-derivative {Pt3}Cl, (11), the corresponding 
σ-alkynyl derivatives {Pt3}CCR were obtained after condensation with terminal 
alkynes. The reactions have been performed under Sonogashira-type conditions, i.e. in 
NHEt2 in the presence of a catalytic amount of CuI (Scheme 2). 
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Scheme 2. Reactivity or tris-phosphido-bridged trinuclear clusters. 
 
The alkynyl function is of widespread use in the organometallic chemistry of mono- and 
polynuclear derivatives. The linear geometry of the alkynyl unit and its π-unsaturated 
character have led to metal alkynyls becoming attractive building blocks for molecular 
wires50 and polymetallaynes51 of general formula [MLm-CC-R-CC]n, which are deeply 
investigated for their luminescence, photovoltaic or liquid crystalline behaviour, and 
their uses as semiconductors and triplet emitters, light-emitting diodes and polymer-
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based lasers. When bonded to a polymetallic unit, the alkynyl ligand is very rarely 
bonded terminally, as in mononuclear complexes, since also the π-electrons of the triple 
CC bond are quite generally directly involved in the bond. For this reason, the ligand is 
more often found to bridge two or even three or four metal centers, with loss of linearity 
and of π-conjugation.52 In our systems, the high steric encumbrance above and below 
the triangular metal framework seriously hinders the π coordination of the alkynyl 
ligand and promotes the formation of σ,η1-alkynyls, thus ensuring a better electronic 
communication between the cluster unit and the substituent of the alkynyl ligand. 
It is also worth noting that many reactions leave intact the whole {Pt3} unit, which 
reacts as a single metal center, thus allowing its employment as an end-cap for larger 
structures; however, there are also methods that permit to insert the cluster as a 
branching point. For example all the terminal carbonyl ligands of cation 2+ can be easily 
and cleanly exchanged with isocyanides, affording clusters of general formula [Pt3(µ-
PBut2)3(CNR)3]+. 
From the point of view of the steric hindrance, the hexanuclear cluster 3(CF3SO3)2 is 
also severely encumbered. From crystallographic studies, we know that 3(CF3SO3)2 
(D2d simmtery) contains a tethraedral core of four platinum atoms with the opposite 
edges bridged by other two (“apical”) platinum centers; four bridging di-t-
butylphosphido ligands and a carbonyl group terminally bonded to each platinum 
complete the structure of the cluster. A space filling molecular model (Figure 16) shows 
that the high steric bulkiness of the eight t-butyl substituents completely wraps the 
central [Pt6(µ-PBut2)4(CO)4]2+ fragment (hereafter {Pt6}), thus inhibiting to potential 
reagents the access to the internal atoms.  
 
Figure 16. Space filling molecular model of the structure of 3(CF3SO3)2. 
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In the great majority of cases, only the two apical platinum atoms and/or their CO 
ligands are selectively functionalized while the internal structure of the cluster remains 
unchanged. Furthermore, the two reactive sites are roughly co-linear and point in 
opposite directions, which represents an advantage for the preparation of compounds 
containing two spacers mutually oriented at 180°. The utilization of rigid and linear 
bifunctional spacers was expected to afford strictly linear oligomers. 
The procedures summarized in (Scheme 3) show how a large number of derivatives of 
3(CF3SO3)2, arising from the substitution or the nucleophilic attack involving 
exclusively the apical carbonyls, have been prepared in high yields. The formation of 
other regioisomers, deriving from reactions at the internal carbonyl ligands, has never 
been observed.53  
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Scheme 3. Reaction involving hexanuclear clusters derivatives. 
 
Useful mono- or bis-halo derivatives were obtained by stepwise substitution the two 
“apical” carbonyl ligands with halide ions. For example, the reaction of 
[{Pt6}(CO)2](CF3SO3)2, 3(CF3SO3)2 with an equimolar amount of NBu4Cl affords 
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cleanly the monosubstituted  derivative [{Pt6}(CO)Cl](CF3SO3) [Scheme 3, reaction 
b)], while by treating 3(CF3SO3)2 with a 3-6 fold excess of the appropriate halide salt, 
the symmetrical disubstituted clusters {Pt6}X2 [X = Cl, Br, I; Scheme 3, reaction c)] 
were obtained in high yields. Furthermore, the reaction of [{Pt6}(CO)Cl](CF3SO3) with 
an equimolar amount of KI gives the asymmetrically disubstituted cluster {Pt6}ClI 
[Scheme 3, reaction g)], which may be successfully employed to prepare the differently 
substituted clusters by exploiting the diverse reactivity of the two halogen ligands. 
Actually, in the symmetrically and asymmetrically substituted dihalo-derivatives, the 
apical halo-ligands may be easily substituted. For example {Pt6}Cl2 (4) reacts with an 
excess of NaBH4 yielding the bis-hydride {Pt6}H2, (5) [Scheme 3, reaction i)]. 
Moreover, clusters with one or two “apical” chloro-ligands, {Pt6}ClI and {Pt6}Cl2, (4), 
react with terminal alkynes under Sonogashira-type conditions, to give mono- [Scheme 
3, reaction h)] or bis- [Scheme 3, reaction e)] alkynyl derivatives. 
The substitution of the whole set of carbonyl ligands was observed only when cluster 3 
was reacted with an excess of isocyanides, in which case we isolated the persubstituted 
derivatives [Pt6(µ-PBut2)4(CNR)6](CF3SO3)2 (R = alkyl or aryl).  
The general reactivity of 2(CF3SO3) and 3(CF3SO3)2, and the structure of their 
derivatives, encouraged their utilization as synthons for extended structures containing 
the {Pt3} and/or the {Pt6} units and conjugated alkynyl spacers. Recently, a linear 
derivative (Figure 17a)54 and a dendrimer (Figure 17b),55 with a nearly-planar structure 
have been prepared starting from the chloro-derivatives 4 and 11. 
 
 
 
 
 
Figure 17. Structures of a) a linear tricluster derivative and b) a dendrimer containing 
the {Pt3} and {Pt6} units. 
a) b) 
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As in the latter cases, cluster 11 can be used to introduce the trinuclear fragment {Pt3} 
as an end-cap moiety in linear or branched oligomers or, by exploiting also the 
substitution of the carbonyl ligands with bifunctional neutral bis-isocyanides, can 
become a branching point for dendrimeric structures. Moreover, the chloro-derivatives 
shown in Scheme 4 can afford dicluster derivatives, which may be considered as simple 
models of larger oligomeric structures (Scheme 4). 
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Scheme 4. Examples of simple tri- and hexanuclear “dicluster” compounds. 
 
Finally, our group has recently described the synthesis of the family of oligomers of 
general formula (E-[({Pt6}CCArCC)]x{Pt6}-E, [E = Cl, I, CCArCCH, Ar = 1,4-
C6H2(2,5-C12H23), x = 1-15], with a linear structure in which up to 16 molecular clusters 
are connected by alkynyl spacers, and of a series of shorter monodisperse oligomers, 
with precise composition and length (x = 0, 2, 4; from 3 to 10 nm, depending upon the 
number of units). The alkynylic bond is remarkably robust and the oligomeric structure 
is maintained in solution; the solubility in organic solvents is granted by the long 
aliphatic chains, and flexible thin films can be simply obtained by evaporation of the 
solutions (Scheme 5).56 
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Scheme 5. Preparation of polymers containing the {Pt6} unit connected by σ-alkynyl 
spacers. 
 
As we have shown by preparing short model systems containing two cluster units, the 
Ar group in the bis-alkynyl spacer is not forced to be a phenyl ring as in the previous 
examples but may be selected in a broad library of aromatic fragments (biphenyls, 
anthranyls, thienyls or polythienyls, ferrocenyls or diferrocenyls). The terminal group E 
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can also be the triangular unit {Pt3}, a phenylethynyl group variously substituted in 
para (H, n-C5H11), a carbonyl ligand or a weakly bonded triflate anion, which can easily 
be substituted by neutral (phosphines, isonitriles, pyridins, nitriles) or anionic ligands 
(thiolates, carboxylates, phenols).57 On the other hand, it is well possible to prepare 
derivatives with one electron-donor and one electron-acceptor as terminal groups, to 
increase electron mobility along the chain by “push-pull” effects. 
The electrochemical properties of the trinuclear and hexanuclear cluster precursors are 
under scrutiny. All the triangular clusters studied until now undergo two sequential 
reversible monoelectronic oxidations, which substantially typify their redox fingerprint. 
The two oxidation processes are much more positive for [{Pt3}CO]+, 2(CF3SO3) than 
for all its neutral derivatives; this can be explained by the presence of the positive 
charge and of three strongly π-acidic CO ligands in cation 2+. Also a monoelectronic 
reduction process, followed by fast chemical reactions has been observed in the halo-
derivatives {Pt3}X (X = Cl (11), Br, I).49 The voltammogram of a CH2Cl2 solution 
containing the dication [{Pt6}(CO)2]2+, 32+, shows two reversible one-electron reduction 
processes followed by a partially chemically reversible two-electron reduction at more 
negative potentials.46 The neutral halo-derivatives, {Pt6}X2 (X = Cl (4), Br, I), show 
similar waves, although with the expected large cathodic shifts, so only the first two 
reductions become detectable, and an irreversible oxidation process appears.53 
The stability of the cluster units in different oxidation states should allow to alter the 
charge delocalization along the oligomer chains by chemically or electrochemically 
modifying the oxidation states of the cluster units. The comprehension of charge 
delocalization in the oligomers should be facilitated by electrochemical studies on 
model systems {Pt6}-spacer or {Pt6}-spacer-{Pt6}, or the equivalent with {Pt3} in place 
of {Pt6}, that can be prepared for each type of spacer that will be successfully 
introduced in the oligomers. Some preliminary information on this aspect was given by 
model systems with a {Pt6} unit bonded through an ethynyl (C≡C) spacer, to one or two 
ferrocenyl redox-probes (Figure 18).58 
I
Fe FeFe
 
Figure 18. Mono- and bis(ferrocenylethynyl)-substituted hexanuclear clusters. 
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The biferrocenylic cluster has been designed to inspect possible charge transfer 
interactions between the ferrocenyl units through the C≡C-{Pt6}-C≡C “spacer”. 
Actually, electrochemical measurements suggest the lack of a significant iron to iron 
charge transfer; however, spectroelectrochemical analyses made on CH2Cl2 solutions of 
both compounds shown in Figure 18, indicate that the Fe(II)-Fe(III) oxidation induces 
the growth of diagnostic absorptions in the near infrared (NIR) region, which may be 
assigned to a cluster-Fe(III) charge transfer. Theoretical analysis (ab initio DFT 
methods) have confirmed that the charge transfer to Fe(III) occurs from a molecular 
orbital mainly centered on an apical platinum atom, rather than on the entire cluster. 
This can explain the lack of communication between the ferrocenyl units of the 
disubstituted cluster. Derivatives absorbing in the NIR region can, in principle, be used 
in optical devices, especially when the absorption is triggered by external stimuli 
(chemical, photochemical or electrochemical). The intensities of the absorptions of the 
compounds shown in Figure 18 are too weak for these applications, but several 
opportunities to its optimization are given by the synthetic methods, which allow 
substantial modifications of the cluster, spacer and redox-probe units. These will also 
provide sufficient information useful to plan the synthesis of new structures where the 
direction of the charge transfer can be predetermined as shown in Scheme 6. 
 
A A A DDD
I II III
= organic spacer D = donor            A = acceptor
 
Scheme 6. Electron transfer a) from, b) to and c) across the {Pt6} cluster unit. 
 
To obtain type-III systems we will have to understand why the tetrahedral core of 
diferrocenylic cluster does not allow the electronic communication between the 
ferrocenyl units. Therefore, we will prepare new model complexes by varying the 
structures of both the spacers and the cluster units, and for all the new derivatives the 
charge transfer mechanism will be investigated by electrochemical, 
spectroelectrochemical and theoretical analysis. The information gained on the model 
a) b) c) 
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systems will then be transferred to the engineering of extended structures with 
predetermined shape (for example linear or dendrimeric molecules) and type of 
electronic communication (for example systems where the cluster units are isolated or 
communicate only with the spacer or also with the adjacent cluster units). 
It is also worth noting that the charge mobility across a molecular framework can also 
be evaluated by measuring the single molecule electrical conductivity by Scanning 
Tunneling Microscopy (STM). To this purpose, we have shown that the hexanuclear 
derivatives {Pt6}[S(CH2)4SH]2 and {Pt6}(SCN)2 can be absorbed on a gold surface 
without decomposition and that the single molecule conductivity of {Pt6}[S(CH2)4SH]2 
(2.4 nS, molecular major axis 2.4 nm), measured by STM, is five orders of magnitude 
greater than the one estimated for the insulating α,ω-alkanedithiol of similar length 
(1,18-HS(CH2)18SH). The acquired data suggest that the {Pt6} unit has a resistivity 
similar to the one of a 1,4-phenylenediyl ring, generally employed as a structural unit in 
organic conducting or semiconducting oligomers. Moreover, the cluster 
{Pt6}[S(CH2)4SH]2 behaves as a double tunneling barrier, with the {Pt6} core acting as 
a “well”, and is therefore suited to function as a resonant tunneling diode. It has also 
been shown that {Pt6}(SCN)2 has a conductance of 50 nS, 20 times larger than the one 
of {Pt6}[S(CH2)4SH]2.59 
Along these lines, during my PhD Thesis we have: 
• prepared and spectroscopically, electrochemically and spectroelectrochemically 
characterized new dicationic model systems containing two {Pt6} units 
connected by bifunctional nitrogen ligands. 
• Synthesized and spectroscopically, electrochemically characterized compounds 
containing the {Pt3} or {Pt6} units connected to a C60 unit, in order to start an 
investigation on their properties. 
• Prepared and fully characterized new phosphido-bridged palladium triangular 
clusters, in order to start an investigation on new model systems containing 
these new cluster units. 
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2 Results and discussion. 
 
2.1 Model systems containing two hexanuclear platinum cluster units. 
The synthesis of molecular assemblies containing two cluster units kept together by 
different species acting as bridging ligands is an attractive field of investigation. These 
relatively simple systems could be useful for evaluating the influence of the nature of 
the spacer on the electronic communication between the two polymetallic units, and 
may be considered as models for extended structures (dendrimers or polymers) 
containing more than two cluster units. In fact, as discussed previously, the presence of 
transition metal centers in the backbone of organic conjugated polymers leads to new 
advanced materials with interesting properties, and there are only a few examples of 
polymers in which the metal-containing repeating component is a cluster unit.43, 60 
As fully described in section 1.2, the hexanuclear clusters prepared in our laboratories 
may be inserted in linear polymeric chains. Furthermore, a worthwhile issue to be 
remarked is related to the electron mobility within the whole hexanuclear structure of 
these clusters. As confirmed by the simultaneous oxidation at the same potential (+0.3 
V vs SCE)58 of the two ferrocenyl redox probes in Fc-C≡C-{Pt6}-C≡C-Fc (Figure 18), 
the two apical platinum centres are not mutually communicating in the ground state. 
This may be due to the shape of the HOMO (Figure 19), which, at least in the dication 
[{Pt6}(CO)2]2+, is mainly localized in the internal tetrahedral core, with some 
contribution from the bridging phosphides but a null contribution from the two apical 
metal centres. However, the same study revealed that the oxidation of the ferrocenyl 
groups induces a metal-to-metal charge-transfer (from the apical Pt atoms to the 
adjacent Fe) in the near infrared (NIR). Moreover, other results obtained in recent 
studies suggest that, also upon reduction, this class of clusters may acquire a connecting 
behaviour, and that a wide library of ligands that may be positioned in the apical 
positions may allow the selection of the redox potentials at which the insulator-
conductor behaviour can be switched.61 
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Figure 19. HOMO of {Pt6}2+. 
 
Along these lines, the achievement of new model-compounds containing two {Pt6} 
units connected by non-alkynyl bifunctional conjugated spacers seemed very much 
desirable. Below are described the synthesis and the electrochemical and 
spectroelectrochemical characterization of new systems in which the ditopic nitrogen 
ligands 4,4′-bipyridine (7) or 1,4-dicyanobenzene (8) (Figure 20) have been used as the 
spacers. 
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Figure 20. Molecules used as spacers in systems containing two {Pt6} units. 
 
These have been chosen because: a) they are conjugated organic molecules, in which, 
the presence of one or two aromatic rings may assist electron transfer and b) they are 
neutral ligands, which allow to prepare polycationic “dimers” or oligomers. Both the 
different spacer and the different charge should substantially help in modifying the 
redox potentials, compared to those exhibited by the bis-alkynyl derivatives prepared 
previously.54,55,56 Moreover, the synthesis of systems in which the bifunctional ligand is 
coordinated to the hexanuclear cluster through its N-atoms seemed easily accessible, 
 31 
since dicationic clusters of general formula [{Pt6}L2]2+, with L = pyridine or acetontrile 
were already known.53 
 
2.1.1 Preparation and spectroscopic characterization of H-{Pt6}-OSO2CF3 
(6). 
The mono-hydride {Pt6}(H)(OSO2CF3) (6), which may be prepared by reacting the 
known dihydride {Pt6}H2 (5)53 with triflic acid in dry Et2O (Scheme 7) contains a very 
weakly bonded triflate anion. The latter may be easily substituted by many monodentate 
or ditopic anionic or neutral ligands and may thus be employed as the precursor of 
model systems containing two {Pt6} units connected by different types of bridging 
ligands. 
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Scheme 7. Synthesis of cluster 6. 
 
Since we knew that triflic acid may also convert 5 into the bis-triflate derivative 
{Pt6}(OSO2CF3)2, we performed the reaction by mixing strictly equimolar amounts of 
the reagents; moreover, the choice of the solvent is crucial to avoid the formation of 
mixtures. Actually, the final product 6 is only sparingly soluble in diethyl ether and 
precipitates out as a pure microcrystalline red solid as soon as it is formed (isolated 
yield 73%). 
Compound 6 is quite insoluble in most organic solvents except CH2Cl2, in which, 
however, it is slowly converted into the well-known dichloride {Pt6}Cl2 (4). Thus, in 
this solvent we were able to collect significant NMR spectra only for the more sensitive 
nuclei (1H and 31P). The 31P{H}NMR (CD2Cl2, 293K) shows two singlets, which 
confirmed that the two apical platinum atoms are coordinated to two different ligands 
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(the phosphorus atoms are two by two equivalent). The signals are centered at 352.2 and 
320.8 ppm, the first being due to the two equivalent P atoms closer to the hydride ligand 
[δP = 342.0 ppm in 5]53 and the second to the other two phosphorus centers [δP = 333.7 
ppm in {Pt6}(OSO2CF3)2].62 As more fully described in the Appendix A, the 
31P{H}NMR signals are flanked by satellites due to the coupling with the NMR active 
195Pt nuclei (isotopic abundance 33.8%). The complex spectrum is originated by the 
sum of many different subspectra; in fact, each hexanuclear cluster is constituted by 22 
groups of non-equivalent isotopomers, nearly all giving subspectra that cannot be 
interpreted with simple first-order approximations. For these reasons, it was not 
possible to estimate the value of all the coupling constants; however, the main features 
of the complex shape of the signal remain constant and may be taken as a fingerprint of 
the hexanuclear {Pt6}(L)(L′) structure (where L = L′ or L ≠ L′).47 Actually, these 
signals, and of those of all the other {Pt6} derivatives prepared in this Thesis, are similar 
to the ones observed for the other {Pt6}(L)(L′) derivatives prepared previously. They 
are diagnostic for isomers bearing the L/L′ ligands in the apical positions,47 and rule out 
all other possible isomeric structures, deriving from the attack of L/L’ to the inner 
position of the central Pt4 tetrahedron. 
The 1H NMR (CD2Cl2, 293K) spectrum shows two virtual triplets (see Appendix A) at 
1.50 ppm (3JH-P + 5JH-P = 7.6 Hz, 36 H) and 1.37 ppm (3JH-P + 5JH-P = 7.3 Hz, 36 H), 
which were assigned to the 72 t-butyl protons of the two sets of phosphido ligands. The 
presence of the Pt-H bond is confirmed by the existence of a broad singlet at −0.27 
ppm, with a large 1JHPt coupling (1154.4 Hz, from the satellite peaks), as expected for 
the terminal Pt−H function.53 
The absorptions at 1322, 1228, 1169 and 999 cm-1 in the solid state IR spectrum 
confirm the presence of a coordinated triflate; it is in fact known that complexes 
containing the metal bonded Pt-OSO2CF3 unit absorb at 1280-1420, 1210-1270, 1100-
1180 and 1000-1100 cm-1 63 while ionic triflates give signals at ca 1270, 1160, 1030 cm-
1.64 
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2.1.2 Preparation of dicationic compounds containing two {Pt6}  units. 
The reactions of cluster 6 with the appropriate ligand (7 or 8) in dry CH2Cl2 (Scheme 8) 
give the desired products 9(CF3SO3)2 or 10(CF3SO3)2.  
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Scheme 8. Synthesis of “dicluster” compounds 9(CF3SO3)2 and 10(CF3SO3)2. 
 
In order to obtain only the dicluster compounds, we used a strict stoichiometric ratio of 
the reagents (cluster/ligand 2:1); in fact, on decreasing the cluster/ligand ratio, we 
observed also the formation of the monocationic cluster [{Pt6}(H)(L)](CF3SO3) [L = 7 
and 8]. Reaction timing is also very important because both the reagent and the product 
are stable only for a short period in CH2Cl2 solution. Thus, after stirring the reaction 
mixture for 2 hours and evaporating the solvent under vacuum, the final product was 
dissolved in acetone, some unreacted starting cluster, was filtered away, and the new 
derivatives 9(CF3SO3)2 and 10(CF3SO3)2 were obtained as brown solids in good purity 
and yield (64-67%) after solvent evaporation. 
 
2.1.3 Spectroscopical characterization of 9(CF3SO3)2. 
The 1H NMR spectrum (Acetone-d6, 293K) of 9(CF3SO3)2 confirms the presence of a 
system containing two cluster units and 7 as the conjugated spacer. In fact, the spectrum 
shows two doublets at 9.68 (3JH-H = 5.3 Hz, 4 H) and 8.67 ppm (3JH-H = 5.3 Hz, 4 H) 
attributable to the protons of 4,4′-bipyridine (δH = 8.70 and 7.49 ppm for uncoordinated 
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7).65 As shown in Figure 21, if 4,4′-bipyridine was coordinated to only one cluster in a 
terminal mode, we would have expected four doublets instead of two 
H HN N H N N
H1
H2H1
H2 H1
H1H2
H2 H3 H4
H4H3
H5 H6
H6H5
2+ +
9(CF3SO3)2  
Figure 21 
 
This spectrum contains also two partially overlapped virtual triplets at 1.50 (3JH-P + 5JH-P 
= 7.3 Hz, 72 H) and 1.45 ppm (3JH-P + 5JH-P = 7.3 Hz, 72 H), due to the t-butyl protons 
of the phosphido ligands, as a further confirmation of coordination of two different 
ligands to the two apical platinum atoms. The Pt−H bonds are still present, as confirmed 
by the broad singlet at −0.37 ppm (1JH-Pt  = 1209.4 Hz). The presence of 4,4′-bipyridine 
is also confirmed by the signals at 156.8, 146.5 and 126.3 ppm (δC = 150.0, 120.8 and 
144.8 ppm for uncoordinated 7)65 in the 13C{1H} NMR spectrum (Acetone-d6, 293K).  
The 31P{1H} NMR spectrum (Acetone-d6, 293K) contains two singlets, accompanied by 
satellites due to the coupling with 195Pt, at 356.6 and 316.2 ppm, that were respectively 
assigned to the four equivalent P−Pt−H phosphorus atoms [δP = 342.0 ppm in {Pt6}H2 
(5)]53 and to the four equivalent P-Pt-N nuclei nuclei [δP = 327.8 ppm in 
{Pt6}(C5H5N)2].53 The 195Pt{1H} NMR (Acetone-d6 , 293K) spectrum is compatible with 
the structure suggested for 9(CF3SO3)2 and shows four multiplets of the expected shape 
(see Appendix A). The two signals at −2953 and −3327 ppm are attributable to the 
platinum atoms of the internal tetrahedra and were, respectively, assigned to the four 
platinum centers closer to the hydride ligands [δPt = −2822 ppm in 5]53 and to the four 
Pt nuclei closer to the spacer [δPt = −3406 ppm {Pt6}(C5H5N)2].53 The other two signals, 
at −4361 ppm (2 Pt-N, δPt = −4343 ppm {Pt6}(C5H5N)2)53 and at −5080 ppm [2 Pt-H, δP 
= −5146 ppm in {Pt6}H2  (5)],53 are due to the apical platinum atoms.  
The IR (solid state) spectrum shows the CO stretching absorptions at 2024 and 2005 
cm−1 and the signals due to the non-bonded CF3SO3− counterion at 1259, 1171 and 1029 
cm-1.63 
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2.1.4 Spectroscopical characterization of 10(CF3SO3)2. 
The IR (solid state) spectrum of 10(CF3SO3)2 shows one absorption at 2166 cm−1 for the 
stretching of the coordinated CN moiety, two bands at 2022 and 2000 cm−1, assigned to 
the stretching of the carbonyl ligands, and bands at 1258, 1172 and 1030 cm−1 for the 
triflate counterion.63 
The 1H NMR spectrum (Acetone-d6, 293K) contains one singlet at 8.54 ppm, two 
virtual triplets (Figure 22) at 1.58 (3JP-H + 5JP-H = 7.6 Hz, 72 H) and 1.43 ppm (3JP-H + 
5JP-H = 7.1 Hz, 72 H) and one broad singlet at −0.52 ppm (1JH-Pt = 1148.2 Hz). The first 
signal, assigned to the four aromatic protons of 8, is compatible with a symmetrical 
system; the remaining ones are respectively due to the t-butyl protons of the phosphides 
and to the hydride ligand. 
 
Figure 22. Portion of 1H NMR (Acetone-d6, 293K) spectrum of compound 
10(CF3SO3)2, showing the virtual triplets assigned to the t-butyl protons. 
 
The 31P{1H} NMR (Acetone-d6, 293K), reported in Figure 23, shows two signals at 
362.2 and 334.5 ppm, with the usual shape observed in related hexanuclear clusters, that 
confirm the presence of two different “apical” ligands on each cluster. The signals are, 
respectively, assigned to the four P−Pt−H [δP = 342.0 ppm in 5] 53 and to the four P-Pt-
NC nuclei. 
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Figure 23. 31P{1H} NMR spectrum (Acetone-d6, 293K) of compound 10(CF3SO3)2. 
 
The 13C{1H} NMR and 195Pt{1H} NMR (Acetone-d6, 293K) spectra (see Experimental 
part) show signals with the expected chemical shift and intensities, in full agreement 
with the structure given in Scheme 8. 
2.1.5 UV-Vis spectra of 9(CF3SO3)2 and 10(CF3SO3)2. 
Qualitative UV-Vis measurements (250 < λ < 800 nm) were carried out on CH2Cl2 
solutions of cluster 6, and of the new dicluster derivatives 9(CF3SO3)2 and 10(CF3SO3)2. 
All the spectra show two broad bands at ca. 300 and 445 nm (Table 2), the latter of 
which was assigned to the hexanuclear cluster.56  
Table 2. UV-Vis absorptions of 6 and of 9(CF3SO3)2 and 10(CF3SO3)2. 
Compounds λmax/nm 
6 445, 304 
9(CF3SO3)2 447, 304 
10(CF3SO3)2 443, 302 
 
The absorption at ca. 300 nm was straightforwardly attributed to the cluster in 
compound 6. Conversely, in 9(CF3SO3)2 and 10(CF3SO3)2, which contain aromatic 
ligands (absorptions at λ = 270 and 239 nm for free 7 66 and at λ = 287, 278, 247 and 
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235 nm for free 8 67), this broad band is probably due to the overlap of two or more 
electronic transitions. In fact, in addition to the transitions attributed to the cluster, 
ligand-centered and MLCT (metal-to-ligand charge-transfer) transitions may be present 
in this region.68  
 
2.1.6 Electrochemistry and spectroelectrochemistry of 9(CF3SO3)2 and 
10(CF3SO3)2. 
As explained in more detail in Appendix B, cyclic voltammetric and IR and UV-Vis 
spectroelectrochemical studies may be useful to verify the presence of electronic 
communication in systems as those described above. 
In cyclic voltammetry, the presence of electronic communication in systems containing 
two metal centers (the same is valid for polymetallic units) connected by a conjugated 
spacer, is generally correlated with the increase of the number of redox processes in 
comparison with those found in complexes containing only one metal center, with the 
obvious restriction that the mono- and the dinuclear systems should be as similar as 
possible in terms of charge, metal oxidation state and ligand set. In fact, if the two metal 
“feel” each other, after the reduction (or oxidation) of the first metal center, the second 
is reduced (or oxidized) at a more negative (or more positive) potential. Thus, two 
separated processes occur and two separated peaks appear in the voltammogram 
(Scheme 9). In the absence of electronic communication, the two metal atoms behave as 
if they were isolated and they are reduced (or oxidized) at the same potential, giving 
only one peak, with double intensity, in the voltammogram. 
Conjugated 
spacer MM MM MM
E01st
e-
E02nd
e-
Conjugated 
spacer
Conjugated 
spacer
 
Scheme 9  
 
We have seen in section 1.2, that the hexacarbonyl cluster [{Pt6}(CO)2]2+ (32+) and its 
derivatives have an interesting electrochemical behavior. For this reason, we carried out 
a series of cyclovoltammetric studies on the dicationic cluster 32+, on the monocationic 
chlorocarbonyl cluster [{Pt6}Cl(CO)]+ and on the neutral bis-halide-derivatives 
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{Pt6}X2.46,53 All these derivatives exhibit two reversible monoelectronic reduction 
waves that typify their redox fingerprint. In the voltammogram of 32+ also a bielectronic 
quasi-reversible reduction process is observed at more negative potential values.46 The 
monocation [{Pt6}Cl(CO)]+ and the neutral derivatives, for example {Pt6}Cl2 (4), show 
an expected cathodic shift for all the processes, due to the decreasing positive charge of 
the complexes. Moreover, they show an irreversible oxidation, while the third 
irreversible bielectronic reduction at more negative potential is no longer detectable 
(Figure 24). 53 
 
Figure 24. Cyclic voltammograms recorded at a platinum electrode in CH2Cl2 solution 
of [{Pt6}(CO)2]2+ (32+), [{Pt6}Cl(CO)]+ and {Pt6}Cl2 (4), respectively, using NBu4PF6 
(0.2 M) as the supporting electrolyte. Scan rate 0.2 Vs−1. 
 
We have also carried out some preliminary cyclovoltammetric studies on clusters 
9(CF3SO3)2 and 10(CF3SO3)2. The measurements were performed in CH2Cl2 solution 
for both compounds and in THF only for 10(CF3SO3)2, using NBu4PF6 0.2 M as the 
supporting electrolyte. The voltammograms of 9(CF3SO3)2 and 10(CF3SO3)2 are 
respectively shown in Figure 25 and in Figure 26. The corresponding redox potentials, 
together with those of 32+ and [{Pt6}Cl(CO)]+,53 (the second is used as a reference 
because in 9(CF3SO3)2 and 10(CF3SO3)2 each cluster unit is formally monocationic), are 
summarized in Table 3. 
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Table 3: Formal electrode potentials (V vs SCE ) and peak-to-peak separations (mV) 
for the redox processes exhibited in CH2Cl2 solution by 92+ and 102+ and, for 
comparison, by 32+ 53 and [{Pt6}Cl(CO)]+ .53 
Compounds Solvents Reductions processes 
E0′ [a] (ΔEp)[b] 
Oxidation processes 
E0′ [a] (ΔEp)[b] 
32+ CH2Cl2 -0.54 (60); -0.84 (58) / 
[{Pt6}Cl(CO)]+ CH2Cl2 -0.84 (78); -1.14 (82) +1.65c 
92+ CH2Cl2 -0.91 (69); -1.17c; -1.21c; -1.37 
(86) 
/ 
102+ CH2Cl2 -1.72c ; -1.86c / 
102+ THF -1.18d; -1.36d; -1.66d / 
a,b Measured at 0.1 V.s-1. a Measured in V, vs SCE. b Measured in mV. c Peak potential 
value for irreversible processes. d Peak potential value for quasi-reversible processes. 
 
The data in Table 3 show that cations 92+ and 102+ have a different redox behavior 
compared to the model cluster [{Pt6}Cl(CO)]+. The bipyridine-spaced system 92+ shows 
four different monoelectronic reduction processes, the first two at potentials similar to 
those exhibited by [{Pt6}Cl(CO)]+. The processes at −0.91 and −1.37 V are reversible 
on the cyclic voltammetry time scale (ipc/ipa = 1 at 0.2 V.s−1), while the other two, at 
−1.17 and −1.21 V, are irreversible (Figure 25). The process at −1.21 V may be 
assigned to a 4,4′-bipyridine-centered reduction; in fact, a similar process was found in 
the cyclic voltammogram of [(Pt(pip2NCN))2(µ-4,4′-bipyridine)]2+ [pip2NCNH = 1,3-
bis(piperidyl-methyl)benzene, E° = −1.22 V vs. Ag/AgCl (E° = −1.28 V vs. SCE)].68a In 
the anodic region, no oxidation processes have been observed. 
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Figure 25. Cyclic voltammogram of 92+ recorded at a platinum electrode in CH2Cl2 
solution, using NBu4PF6 (0.2 M) as the supporting electrolyte. Scan rates: 0.1 V s−1. 
 
The voltammogram of 10(CF3SO3)2 in CH2Cl2 solution shows two irreversible 
reduction processes at very negative potentials (E° = −1.72 and −1.86 V vs. SCE, Figure 
26a). The cathodic shift may be due to the decomposition of 10(CF3SO3)2 under these 
conditions. In fact, by repeating the CV measurements in the non-chlorinated solvent 
THF, which has a wider solvent window in the cathodic region, three quasi-reversible 
reduction processes were detected (E° = −1.18, −1.36 and −1.66 V vs. SCE, Figure 26b) 
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Figure 26. Cyclic voltammogram recorded at a platinum electrode in a) CH2Cl2 and b) 
THF solutions of 102+; using NBu4PF6 (0.2 M) as supporting electrolyte. Scan rates: 0.1 
V s−1. 
 
The processes at −1.18 and −1.36 V are monoelectronic, conversely the reduction at 
−1.66 V is multielectronic, but could be due to the overlap of two or more processes, as 
also suggested by the shape of the peak. As discussed above for 92+, also in this case the 
number of redox processes increases on passing from the monocluster model to the 
dicluster derivative. However, it is not yet possible to confirm the presence of electronic 
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communication, since reduction processes attributable to the bridging ligand might be 
present; for example the CV profile of [((MeC(O)S—4-NCN)Pt)2(µ-1,4-
dicyanobenzene)]2+ (NCN = [C6H2(CH2NMe2-2,6)2]-) shows two irreversible reduction 
processes, assigned to the 1,4-dicyanobenzene ligand, at −1.32 and −1.58 V vs. SCE.69  
Useful indications could have been obtained by an IR spectroelectrochemical study. 
Actually, the hexanuclear clusters are ideal candidates for this type of analysis due to 
their rich electrochemistry and to the presence of the carbonyl ligands acting as strong 
IR chromophores. It is in fact well known that the νCO absorption is progressively 
shifted to lower frequencies upon increasing the electron density at the metal to which 
the carbonyl ligand is coordinated.  
This technique may have different applications, among which the investigation of 
ultrafast electron transfer processes in mixed-valence complexes. Turner and co-
workers70 were the first to use dynamic IR spectroscopy to calculate rate constants and 
self-isomerisation barrier heights in the case of a “turnstile”- type exchange of the 
carbonyl ligands, observed in the trigonal bypiramidal complex [Fe(CO)3(η4-
norbornadiene)]. Kubiak and co-workers71 used this method to study the rate of the 
electron transfer in trinuclear ruthenium “dimers” of the type 
{[Ru3O(CH3COO)6(CO)(L)]2(µ-BL)}n (L = 4-dimethylaminopyridine, pyridine or 4-
cyanopyridine; BL = 1,4-pyrazine, 4,4’-bipyridine). These compounds exhibit four 
reversible redox processes, two bi-electronic oxidation waves at +0.43 ÷ +0.58 (n = 
+2/0) and +1.17 ÷ +1.39 V (n = +4/+2) and two mono-electronic reduction processes at 
−1.11 ÷ −0.68 (n = 0/−1) and −1.33 ÷ −0.91 V (n = −1/−2). From the splitting of the 
reduction waves, which varies between < 50 to 440 mV it has been shown that the 
comproportionation constant Kc for the equilibrium Ru3III,III,II-BL-Ru3III,III,II  +  Ru3III,II,II-
BL-Ru3III,II,II  2 Ru3III,III,II-BL-Ru3III,II,II falls by seven orders of magnitude from ca 107 
to <10, depending upon the ligands L and the bridge BL. These data and the study of 
the Intervalence Charge Transfer (ICT) bands in the Near IR region allowed to assign 
some system to the Class III (delocalized) and some other to the Class II (valence-
trapped or localized) of the Robin-Day classification scheme. Reflectance IR 
spectroelectrochemistry allowed an estimation of the rate constants for the electron 
transfer processes in the mixed valence states (ca 1011 s−1). 
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Since, until now, IR spectroelectrochemical analyses on any member of this family of 
hexanuclear clusters had never been effected, we first studied the IR spectra of 
[{Pt6}(CO)2]2+ (32+). 
Thus, the measurements were effected on CH2Cl2 solutions of 3(CF3SO3)2, on CH2Cl2 
and THF solutions of 9(CF3SO3)2 and on CH2Cl2 solutions of 10(CF3SO3)2, using 
NBu4PF6 0.2 M as the supporting electrolyte in all cases. The IR spectra recorded in this 
study are reported in Figure 27 [3(CF3SO3)2], Figure 28 [9(CF3SO3)2] and in Figure 29 
[10(CF3SO3)2]; Table 4 summarized the observed data. 
Table 4. CO stretching bands of compound 32+, 92+ and 102+ and of their reduction 
products. 
Compounds Solvent νCO/cm-1 
Initial 
νCO/cm-1 
Monoreduced 
νCO/cm-1 
Bireduced 
32+ CH2Cl2 2091; 2058 2056; 2020 2021; 1988; 1974 
92+ CH2Cl2 2027; 2009 2017 2002 
92+ THF 2024; 2008 2010; 2004 1965 
102+ CH2Cl2 2027; 2009 2015 2034; 2019 
 
 
Figure 27. IR spectral changes recorded in a OTTLE cell during the progressive one-
electron (green line) and two-electrons (black line) reduction of 32+ in CH2Cl2 solution. 
 
The IR spectrum of the hexacarbonyl derivative 3(CF3SO3)2 shows two absorption 
bands at 2091 and 2058 cm−1, respectively assigned to the two apical and to the four 
inner carbonyl ligands.53 At the first reduction potential, the two initial bands disappear 
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and are replaced by two new peaks, at 2056 and 2020 cm−1. As expected, the CO 
stretching absorptions of the monoreduced species 3+ occur at lower frequencies, due to 
the increase of electron density on the platinum atoms. The presence of only two bands 
confirms that the symmetry of the cluster remains unchanged after the acquisition of 
one electron. Going to more negative potentials, the absorptions at 2056 and 2020 cm−1 
decrease, in favor of new peaks at 2021, 1988 and 1974 cm−1. As also suggested by a 
theoretical study,46 the increase of νCO absorptions may be due to a substantial decrease 
of the symmetry of the cluster in the neutral bielectronically reduced species 3. The full 
reversibility of the processes confirms the remarkable stability of the reduced species 3+ 
and 3. 
  
Figure 28. IR spectral changes recorded in a OTTLE cell during the progressive one-
electron (green line) and two-electrons (black line) reduction on a) CH2Cl2 and b) THF 
solution of 92+. 
 
Subsequently, we measured the IR spectroelectrochemistry of the dicluster derivatives 
9(CF3SO3)2 and 10(CF3SO3)2. The initial IR spectrum of 9(CF3SO3)2 in CH2Cl2 shows 
two νCO absorptions at 2027 and 2009 cm−1. During the electrolysis of cation 92+, these 
two peaks decrease in favor of one new broad signal at 2017 cm−1, probably due to the 
overlap of more absorptions, which decreases on going to more negative potentials, 
while a new band increases at 2002 cm−1. Unfortunately, the total conversion to the 
bireduced species was not observed (Figure 28a) due to the interference of the solvent at 
the working potentials. For this reason, we repeated the measurements in THF (which 
has a wider solvent window in the cathodic region) (Figure 28b). The starting IR 
spectrum is very similar to the one recorded in CH2Cl2, (νCO at 2024 and 2008 cm−1). At 
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the first reduction potential, the initial absorptions disappear and two overlapping bands 
appear at 2010 and 2004 cm-1. Going through the electrolysis, these two peaks disappear 
in favor of a new broad peak at 1965 cm-1, probably due to the bireduced species 9. 
 
Figure 29. IR spectral changes recorded in a OTTLE cell during the progressive one-
electron (green line) and two-electrons (black line) reduction of 102+ in CH2Cl2 solution. 
 
The IR spectrum recorded before the electrolysis of a CH2Cl2 solution of 10(CF3SO3)2 
is quite similar (νCO = 2027 and 2009 cm−1) to the one discussed above for 9(CF3SO3)2. 
Again, in the IR spectrum of the monoreduced species we observed one broad band at 
2015 cm−1, which is due to the overlap of more CO stretching absorptions. In this case, 
going to the second reduction potential, the compound starts to decompose and the IR 
spectrum shows only one weak broad band of difficult attribution at 2019 cm−1, with a 
shoulder at 2034 cm−1. 
 
2.1.7 Conclusion and future works. 
In conclusion, the results obtained in these preliminary cyclic voltammetric and IR 
spectroelectrochemical studies on 9(CF3SO3)2 and 10(CF3SO3)2 are promising for our 
purposes because they may suggest some electronic communication between the two 
{Pt6} units through both the spacers [4,4′-bipyridine (7) and 1,4-dicyanobenzene (8)]. 
Unfortunately, the CV profiles of these systems are complicated by the presence the 
bridging ligands, which are redox active in the region of interest. 
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Moreover, the IR spectroelectrochemical profiles of the dicluster species 9(CF3SO3)2 
and 10(CF3SO3)2 are very complex, due to the presence of four CO ligands on each 
hexanuclear unit and to the asymmetry of each cluster, caused by the presence of two 
different ligands on the two “apical” platinum atoms and by possible distortions from 
the ideal 2d symmetry in the direduced species. Furthermore, also hypothesizing a 
delocalized singly reduced mixed-valence state, the acquired electron might be 
delocalized on different portions of the molecules, since the electron transfer might 
involve only the platinum centers directly bonded to the spacer, or also the central cores 
of the cluster units. For example, in the alkynyl derivative {Pt6}(C≡C−Fc)2 (Figure 
18)58 theoretical, electrochemical and spectroelectrochemical (NIR, UV-Vis) studies 
show a lack of electronic communication between the two ferrocenyl units but suggest a 
metal-to-metal charge transfer, during the stepwise oxidation, from molecular orbitals 
centered on the apical platinum atoms of the cluster to those centered on the metal atom 
of the ferrocenyl ligand. 
In order to better understand the electronic behavior of 9(CF3SO3)2 and 10(CF3SO3)2, it 
would be useful to perform other analysis in different conditions (i.e. solvent, 
temperature, supporting electrolyte). Moreover, an exhaustive theoretical study on the 
nature of the molecular orbitals involved in the reduction processes would help 
clarifying the details of the redox processes. 
In addition, theoretical and electrochemical studies may be extend to new model-
compounds containing different organic spacers; for example a system containing a 
redox probe, such as NC−Fc−CN, may be interesting because the redox behavior of 
ferrocene derivatives is well-known and would be helpful in the comprehension of a 
possible electronic transfer.  
 
2.2 C60 derivatives of tri- and hexanuclear Platinum clusters. 
2.2.1 Introduction to C60 and its derivatives. 
In 1985 Kroto, Smalley, Curl and co-workers72 discovered in the gas phase the first 
molecular allotropes of carbon, the most popular of which is the spherical C60 or 
[60]fullerene. Since then, the attractiveness of C60 has grown exponentially and now it 
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can be considered a widely used and powerful building block for applications in 
advanced materials,73 due to a combination of interesting properties, particularly in 
terms of electron-acceptor capability both in the solid state and in solution. For 
example, the formation of charge-transfer salts with a number of donor groups or 
doping with metals has led to ferromagnetic74 or superconducting75 materials. 
Unfortunately, unsubstituted fullerene cannot be easily processed due to its low 
solubility in most organic solvents; furthermore, it aggregates very easily, becoming 
even less soluble. This problem may be solved, at least in part, by functionalizing in an 
appropriate way the C60 molecule.76 In the last two decades, a lot of derivatives of 
[60]fullerene have been prepared; these, while retaining most of the original properties 
of the fullerene molecule, became much easier to handle. 
The X-ray structural characterization of [60]fullerene revealed the presence of two 
different types of bonds: “short bonds” (or 6,6 junctions, ca. 1.38 Å long) shared by two 
adjacent hexagons and “long bonds” (or 5,6 junctions, ca. 1.45 Å long) in the 
correspondence of the fusion of a pentagonal and an hexagonal ring. The geometric 
demand of the spherical cage is such that all the double bonds in C60 deviate from 
planarity.77 This pyramidalization of the sp2-hybridized carbon atoms confers an excess 
of strain to C60 which is responsible of its enhanced reactivity. A release of strain is, in 
fact, associated with the change of hybridization from sp2 to sp3 that accompanies most 
chemical reactions.78 The chemical reactivity of [60]fullerene is typical of an electron-
deficient olefin. In fact, it reacts readily with nucleophiles and it is a reactive 2p 
component in cycloadditions. Moreover, most of the reactants attack the 6,6 ring 
junctions of C60, which possess more electron density, giving well-defined, stable and 
characterizable derivatives.  
It is possible to divide single-addition products into a few broad categories, based on the 
structure of the final derivatives: a) open structures, b) three-membered rings, c) four-
membered rings, d) five-membered rings, e) six-membered rings (Figure 30). 
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Figure 30. Geometrical shapes built onto a 6,6 ring junction of C60. 
 
Alkynyl derivatives are among the first examples of open structure functionalization. 
The first derivatives were prepared by Komatsu and co-workers 79 by reacting C60 with 
[(trimethylsilyl)ethynyl]lithium; the final product was obtained by quenching the 
lithium salt of ethynylated C60 with an excess of trifluoroacetic acid (Scheme 10).  
 
Scheme 10. Synthesis of the first alkynyl derivative of C60. 
 
Subsequently to this work, a lot of [60]fullerene alkynyl derivatives have been prepared, 
in which different kind of molecular fragments, as, for example, porphyrine,80 
phenothiazine81 and terthiophene moieties,82 have been attached to C60 through a triple 
CC bond. 
Another well-studied type of functionalization arises from the 1,3-dipolar cycloaddition 
of azomethine ylides to C60. In this way, it is possible to obtain a wide collection of 
derivatives in which the fullerene unit is fused to a functionalized five-membered ring 
(Figure 30d), thus representing a simple approach to a large variety of easily accessible 
starting materials.83 The reaction leads to fulleropyrrolidine derivatives in which a 
pyrrolidine ring is fused with a 6,6 ring junction of C60. Prato et al. reported the first 
synthesis of a N-methylpyrrolidine derivative in 1993.84 Here, the azomethine ylide was 
generated by “decarboxylation route”,85 from a mixture of N-methylglycine, 
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paraformaldehyde and C60, which afforded in good yields the desired product (Scheme 
11). 
 
Scheme 11. Preparation of N-methylfulleropyrrolidine derivative. 
 
In this way, a lot of compounds containing C60 covalently attached to an additional 
electroactive group may be prepared, realizing unique redox assemblies which may be 
considered as donor-bridge-acceptor dyads.86  
Finally, a part of fullerene chemistry is centered on the synthesis of derivatives 
containing one or more transition metal atoms directly coordinated to C60. 
In particular, exohedral metallofullerenes have attracted a lot of attention concerning the 
effects of the metal centre(s) on the chemical and physical properties of [60]fullerene. 
The reactivity and the electrochemical properties of these complexes have been actively 
investigated, in order to ultimately develop new electronic nanomaterials and 
nanodevices.87 The structure of [60]fullerene offers many different possible bonding 
sites and modes of interaction with metals. These sites are: a) directly over a single 
carbon atom (η1-coordination); b) above the midpoint of a 6,6 ring junction (η2[6,6]-
coordination); c) above the midpoint of a 6,5 ring junction (η2[5,6]-coordination); d) 
above the center of a pentagonal face (η5-coordination); e) above the center of an 
hexagonal face (η6-coordination) (Figure 31).88 
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Figure 31. Five possible metal-C60 bonding modes. 
 
Interesting examples in which the metal is coordinated η5 to the fullerene (Figure 31) 
are the complexes Ru(η5-C60Me5)Cl(CO)2 and its derivatives achieved by substitution 
of the carbonyl and/or the chloro ligands with phosphine, isocyanide, alkyl and alkynyl 
ligands,89 Fe(η5-C60Me5)Cp90 and Rh(η5-C60Me5)(CO)2,91 prepared by Nakamura and 
co-workers, which lead an η5-pentamethylated [60]fullerene ligand, η5-C60Me5.92 It was 
found that in these complexes, there is electronic communication between the metal and 
the bottom 50-π-electron system through the cyclopentadienide moiety.93 
In the last years, also metal clusters have been coordinated to the C60 molecule. For 
example Shapley and co-workers and Park and co-workers, independently, prepared 
various LnMx(C60)y complexes, in which a variety of cluster frameworks [Re3(µ-H)3,94 
Ru3,95 Os3,96 Ru5C,97 Os5C,98 PtRu5C,97b Ru6C97a and Rh699] are directly coordinated to 
C60. Studies aimed at clarifying the bonding modes in these complexes have shown that 
the fullerene molecule is a versatile, multifunctional ligand exhibiting various π- and σ- 
bonding modes. Moreover, in these complexes, a strong electronic communication 
between the C60 and the cluster units has been found and has been shown to be finely 
tuned by modifying the ligand set on the metal cluster.87c, 88 
 
2.2.2 Preparation and characterization of C60 derivatives of tri- and 
hexanuclear platinum clusters.  
As briefly reported above, [60]fullerene has an interesting electron-acceptor capability 
and the combination of its rich electronic and electrochemical properties with those of 
other electroactive species is currently a field under intense investigation. In fact, it is 
believed that chemically modified fullerenes may play a relevant role in the design of 
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novel molecular electronic devices, in particular for applications to the construction of 
photovoltaic cells.100 To this purpose, a number of electron-rich groups have been 
covalently attached to C60, for the creation of a large variety of dyads. Some examples 
of donor units used in these compounds include Ru-bipyridine101 and Ru-terpyridine102 
complexes and ferrocene.103 Along this line of research, it seemed interesting to bind to 
C60 our trinuclear and hexanuclear platinum clusters, since these compounds are 
electron rich and may behave as electron donors toward fullerene. 
The first problem to solve was how to coordinate the cluster unit to C60. As we have 
seen above, one of the most suitable way to functionalize [60]fullerene is the 1,3-dipolar 
cycloaddition of azomethine-ylides (Scheme 11),84 according to which the final product 
is obtained by the reaction of C60 (14) with an aldehyde and a N-substituted glycine. 
Since tri- and hexanuclear cluster derivatives functionalized with one or more formyl 
groups were supposed to be easily accessible, we decided to start our attempts by 
applying this method. In particular, we used N-octylglycine (15), the alkyl chain being 
deemed useful to increase the solubility of the final products, and the 4-ethynyl-
benzaldehyde-derivatives of the tri- and hexanuclear clusters. The 4-ethynyl-
benzaldehydic fragment was considered functional to our purposes because it is 
conjugated and might allow electron transfer from the cluster to the fullerene unit 
 
2.2.2.1 Preparation and spectroscopic characterization of {Pt3}CCC6H4CHO (13). 
The first step of the synthesis was the preparation of the precursor 
{Pt3}[CC−(1,4)C6H4−CHO (13) [{Pt3} = Pt3(µ-PBut2)3(CO)2]. This was synthesized by 
reacting the chloro-derivative {Pt3}Cl (11) with an equimolar amount of 4-ethynyl-
benzaldehyde (12) in triethylamine and in the presence of a catalytic amount (1%) of 
CuI (Sonogashira-type reaction, Scheme 12). 
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Scheme 12. Synthesis of compound 13. 
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The reaction was performed under a rigorously inert atmosphere to avoid the self-
coupling of the ethynyl function. After stirring 24 h at room temperature, the solvent 
was evaporated and toluene was added to the crude product, in order to separate the 
final product from the insoluble salt (NEt3HCl) formed during the reaction. Compound 
13 was obtained as brown microcrystalline solid in a good yield (83%). Its air and 
moisture stability, both in the solid state and in solution, and its high solubility in non-
polar and in chlorinated solvents, allowed a full spectroscopic characterization. 
Moreover, its solid state structure was determined by single-crystal X-ray diffraction 
(see section 2.2.2.1.1) and its redox behavior was studied by electrochemical and 
spectroelectrochemical (IR, UV-Vis) analyses (see section 2.2.3).   
The IR spectrum of 13 in CH2Cl2 solution exhibits five significant absorptions at 2097 
cm−1, due to the C≡C stretching (ν = 2108 cm−1 in {Pt3}CCPh)49, at 2024 cm−1 (with a 
shoulder at 2035 cm−1), due to the C≡Ο stretching of the carbonyl ligands coordinated to 
the platinum atoms (ν = 2026 cm−1 in {Pt3}CCPh) 49, and at 1683, 1589 and 1552 cm−1, 
the first due to the C=O stretching of the aldehydic carbonyl and the others to the C=C 
stretching of the aromatic ring of the 4-ethynyl-benzaldehyde ligand (ν = 1680 and 
1590 cm−1 in the free ligand).104  
As for hexanuclear clusters, the NMR spectroscopy is a crucial method for the 
characterization of the family of trinuclear clusters containing the {Pt3} unit. In fact, as 
fully described in the Appendix A, the presence of eight isotopomers with a different 
platinum content, gives distinctive features to the shape of the signals (in particular in 
31P and 195Pt NMR spectra) which is typical of all the compounds sharing the general 
formula {Pt3}X described until now48, 49 and of those prepared in this Thesis. 
The 31P{1H} NMR (C6D6, 293K) spectrum shows two signals at 164.8 and 98.4 ppm, 
respectively assigned to the two chemically equivalent P1 and P3 nuclei (Figure 32a) and 
to the P2 nucleus opposite to the alkynyl function (Figure 32b). 
The signal centered at δ = 164.8 ppm is composed by a central doublet (the equivalent 
P1 and P3 nuclei couple with P2) and the signal at higher fields (δP2 = 98.4 ppm) is 
constituted by a central triplet. Both signals are flanked by satellites due to the coupling 
with 195Pt (see Appendix A). 
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Figure 32. 31P{1H} NMR (C6D6, 293K) of 13. 
 
The chemical shifts of P1 and P3 remain in the range of ca. 155-170 ppm for every 
trinuclear cluster (the only exception is {Pt3}H (1), in which δP1,3 = 220.9 ppm) 48, 49 and 
may be confidently assigned to phosphido ligands bridging a Pt−Pt bonded edge (see 
Appendix A). Conversely, the values of δP2 span a wide gap on varying the ligand 
coordinated to the opposite platinum atom. In particular, the value of δP2 of the final 
product 13 shifts to lower fields (by ca. 50 ppm) in comparison to the corresponding 
parameter found in the starting chloro-derivative {Pt3}Cl (11, δP2 = 46.7 ppm),55 and its 
position is close to that found in several alkynyl derivatives previously prepared (e.g. 
{Pt3}CCPh has δP2 = 96.4 ppm).49 
The considerable fluctuation of the value of δP2 in clusters sharing the {Pt3}X formula 
may be rationalized by considering in more detail the bonding mode of the bridging 
phoshides. It is in fact well-known that the values of δP shifts of bridging phosphides 
span from very low fields (up to 450 ppm), typical of bridges on a metal-metal bonded 
a) 
b) 
P
PP
COOC
X
2
1 3
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edge, to the opposite upfield region (up to −150 ppm), when the metal-metal bond is 
absent.105a On the other hand, it is well recognized that the Pt−Pt bond opposite to the 
anionic ligand X in clusters of general formula Pt3(µ-PR2)3L2X has a very soft 
deformation potential. This is proved by the skeletal isomerism observed in a platinum 
cluster which is isoelectronic and strictly correlated to our {Pt3}X derivatives: i. e. 
Pt3(µ-PPh2)3(PPh3)2(Ph). Braunstein and co-workers105 have shown that this compound 
crystallizes from toluene/pentane forming an isosceles Pt3 triangle with one long 
[3.586(2) Å (non-bonding)] and two short [2.758(3) Å] Pt−Pt distances. When the 
crystallization occurs from a CH2Cl2/pentane mixture, the complex forms a quasi-
equilater Pt3 triangle: the two short distances are elongated to 2.956(3) Å and the long 
one is reduced to 3.074(4) Å, (Figure 33), which may still be considered a bonding 
distance.106a 
 
Figure 33. Molecular structures of Pt3(µ-PPh2)3(PPh3)2(Ph) crystallized from a) 
toluene/pentane and b) CH2Cl2/pentane mixture. 
 
Indeed, theoretical studies105a have shown that, when X is a σ-donor ligand, the “open” 
and the “closed” forms differ in energy by only a few kilocalories per mole. In these 
cases, the Pt−Pt bond distance opposite to the X ligand, is markedly influenced by 
relatively small enthalpic contributions, such as packing forces in the solid state or 
solvent effects in solution, and by the temperature. 
We ourselves have observed by diffrattometric studies that the hydride-derivative 1 
crystallizes in the “isosceles” manner, with one long [3.6135(6) Å], well above the 
threshold considered for a Pt−Pt bond (ca. 3 Å),106 and two ca. equal [2.7247(6) and 
2.7165(6) Å] Pt−Pt distances,48 Conversely, in its isocyanide analogue [Pt3(µ-
PBut2)3(CNBut)2H]107 the first distance is much shorter [3.0609(3) Å] and may be 
a) b) 
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considered a bond-distance. In all the alkynyl-derivatives structurally characterized so 
far, the length of the longer Pt−Pt bond varies between ca. 3.6 and 3.0 Å without 
significantly modifying the stability of the complex. Moreover, it is worth noting that in 
the four chemically equivalent {Pt3} units of the branched derivative 
[({Pt3}CC)2C6H3CC]2{Pt6}, four significantly different values are found for the distance 
opposite to the alkynyl ligand [3.066(2), 3.179(2), 3.188(3), 3.380(3)]. 55 
The 195Pt{1H} NMR (C6D6, 293K) of 13 shows two signals at −5715 and −6089 ppm, 
respectively assigned to the two equivalent platinum nuclei (Pt2 and Pt3) coordinated to 
the carbonyl ligands (Figure 34a) and to the platinum atom (Pt1) coordinated to the 4-
ethynyl-benzaldehyde (Figure 34b) moiety. 
 
Figure 34a. Portion of the 195Pt{1H} NMR spectrum (C6D6, 293K) of cluster 13, 
showing the signal due to the equivalent nuclei Pt2 and Pt3. 
 
Also in this case, the shape of both signals is typical of all the trinuclear clusters with 
formula {Pt3}X,48,49 the signal centered at −5715 ppm (Pt2,3)  being a double doublet of 
doublets and the one at −6089 ppm (Pt1) a double triplet of triplets (see Appendix A). 
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Figure 34b. Portion of the 195Pt{1H} NMR spectrum (C6D6, 293K) of cluster 13, 
showing the signal due to Pt1. 
 
The 1H NMR (C6D6, 293K) (Figure 35) spectrum shows, as usual, a virtual triplet (1.47 
ppm, 3JH-P + 5JH-P = 7.6 Hz, 36 H) and a doublet (1.19 ppm, 3JH-P = 15.2 Hz, 18H), 
which were assigned to the t-butyl protons of the phosphido ligands (see Appendix A). 
 
Figure 35. 1H NMR (C6D6, 293K) spectrum of 13. 
 
Moreover, one singlet at 9.69 ppm (1 H) and two doublets at 7.76 ppm (3JH-H = 8.0 Hz, 
2 H) and 7.46 ppm (3JH-H = 8.0 Hz, 2 H) were respectively assigned to the aldehydic 
Pt2 Pt3
P
PP
COOC
X
Pt1
 
 57 
proton and to the four aromatic protons of the 4-ethynyl-benzaldehyde. The signal of 
the alkynyl proton (CC-H), at 3.21 ppm in the aldehyde precursor,104 was absent as 
expected. 
The 13C{1H} NMR (C6D6, 293K) shows the signals of both the cluster and the alkynyl 
ligand (see Experimental part) in full agreement with the structure suggested in Scheme 
12. 
 
2.2.2.1.1 Crystal and molecular structure of {Pt3}CCC6H4CHO (13). 
Single crystals of 13 suitable for a crystallographic study were obtained by slow 
evaporation from CH2Cl2 solution. The molecular structure is shown in Figure 36, and 
the more significant geometrical parameters are summarized in Table 5. 
 
Figure 36. View of the molecular structure of 13. Hydrogen atoms are omitted for 
clarity. 
 
The molecule belongs to the C2/m space group (C2h) and exhibits an isosceles Pt3 
triangular core, with one long Pt(2)-Pt(2) [3.1841(6) Å] and two short Pt(1)-Pt(2) 
[2.8940(7) Å] distances. The former is situated within the very broad range (2.9-3.65 Å) 
previously found for the Pt−Pt distance opposing the X ligand in other Pt3(µ-PR2)3L2X 
complexes,49,105,107 and is very similar to the one found in the cluster {Pt3}CCC6H5 
[3.1181(7) Å] reported previously.49 Although rather long, it is still shorter than the sum 
of Pt Van der Waals radii (3.4 Å).105 The CC triple bond, the phosphorus atoms and the 
CO ligands approximately lie on the Pt3 plane; while the phenyl ring and the formyl 
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group of the alkynyl ligand are perpendicular to this plane. Each pair of t-butyl groups 
lie on either side of the Pt3 plane, thus offering steric protection to the inner Pt3(µ-P)3 
core. The Pt−P distances, between 2.27 and 2.31 Å, are in the range expected on the 
basis of the {Pt3}X structures determined previously.48,49,55,107 Due to the presence of a 
longer Pt−Pt distance in the Pt3 triangle, one Pt−P−Pt angle is wider than the other two 
[Pt(1)−P(2)−Pt(2) = 78.66(8)° and Pt(2)−P(1)−Pt(2) = 87.0(1)°]. The P(1) atom bridges 
the more distant platinum centers, and shows Pt−P distances [Pt(2)−P(1) = 2.313(3) Å] 
longer than the other ones [Pt(1)−P(2) = 2.270(2) Å and Pt(2)−P(2) = 2.296(3) Å]. The 
two carbonyl ligands are terminally coordinated, with Pt(2)−C(1)−O(2) angles 
[180.0(1)°] and Pt(2)-C(1) distances [1.83(1) Å], similar to those found in the 
previously determined {Pt3}X structures.48,49,55,107 
Table 5. Significant Bond Lenght (Å) and Angles (°) in 13. 
Pt(1)-C(2) 1.93(2) Pt(1)-P(2) 2.270(2) 
Pt(1)-Pt(2) 2.8940(7) Pt(2)-C(1) 1.83(1) 
Pt(2)-P(1) 2.313(3) Pt(2)-Pt(2) 3.1841(6) 
Pt(2)-P(2) 2.296(3) Pt(2)-P(1) 2.313(3) 
C(1)-O(1) 1.15(2) C(2)-C(3) 1.22(2) 
C(2)-Pt(1)-P(2) 95.5(5) P(2)-Pt(1)-P(2) 168.9(1) 
C(2)-Pt(1)-Pt(2) 146.6(5) P(2)-Pt(1)-Pt(2) 51.08(7) 
Pt(2)-Pt(1)-Pt(2) 66.75(2) C(1)-Pt(2)-P(2) 103.4(4) 
C(1)-Pt(2)-P(2) 103.2(5) P(2)-Pt(2)-Pt(1) 50.26(7) 
C(1)-Pt(1)-Pt(2) 153.7(4) P(1)-Pt(2)-Pt(1) 103.1(1) 
P(2)-Pt(2)-Pt(2) 106.88(7) P(1)-Pt(2)-Pt(2) 46.51(9) 
Pt(1)-Pt(2)-Pt(2) 56.62(2) C(1)-Pt(2)-Pt(2) 149.7(4) 
P(1)-Pt(2)-P(2) 153.3(1) Pt(1)-P(2)-Pt(2) 78.66(8) 
Pt(2)-P(1)-Pt(2) 87.0(1) Pt(2)-C(1)-O(1) 180.0(1) 
C(3)-C(2)-Pt(1) 178.0(1) C(2)-C(3)-C(4) 179.0(2) 
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Finally, the Pt(1)−C(2) [1.93(2) Å] and C(2)−C(3) [1.22(2) Å] bond lengths fall in the 
range commonly found for terminal phenylacetylide ligands bonded to platinum.105 
These data, with the ca. linear Pt(1)-C(2)-C(3) angle [178.0(1)°], confirm the σ,η1 
coordination of the alkynyl ligand. 
 
2.2.2.2 Preparation and spectroscopic characterization of 
{Pt3}CC(Ph)C2H3N(C8H17)C60 (16). 
The C60 derivative of the trinuclear cluster 16 was prepared by 1,3-dipolar cycloaddition 
of an azomethine ylide. The reaction was performed, under inert atmosphere, by 
dissolving in chlorobenzene {Pt3}CCC6H4CHO (13), C60 (14) and N-octylglycine (15, 
prepared according to the literature procedure)108 in 1:1:3 ratio, (Scheme 13). 
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Scheme 13. Preparation of 16. 
 
The reaction mixture was stirred under reflux for 9 hours. After this period, the solvent 
was evaporated under vacuum and the crude product first was washed with water and 
ethanol, in order to remove the excess of N-octylglycine, and then was purified by 
column chromatography, using an ethyl acetate : n-hexane = 2 : 1 mixture as the eluent. 
The final product 16 was obtained in high purity as a brown solid (43% yield). 
In spite of the presence of the alkyl chain, compound 16 has a low solubility in many 
organic solvents. However, it is enough soluble in chlorinated solvents as CHCl3 and 
CH2Cl2 to allow a full spectroscopic characterization. Moreover, as fully reported in 
section 2.2.3, preliminary electrochemical and spectroelectrochemical studies were 
carried out, in order to start to the evaluate a possible “through-bond” electron transfer 
from the cluster to the [60]fullerene units.  
Since the phosphorus and platinum nuclei have a chemical environment similar to that 
of the corresponding nuclei of the precursor, the 31P{1H} and 195Pt{1H} NMR (CDCl3, 
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293K) spectra of 16 are very similar to the corresponding spectra discussed above for 
13. Thus, the 31P{1H} spectrum shows one doublet at 163.8 ppm (2 P) and a triplet at 
99.1 ppm (1 P), both accompanied by 195Pt satellites, and the 195Pt{1H} spectrum 
consists of two signals at −5727 (2 Pt) and −6068 (1 Pt) with the same multiplicity of 
the signals of 13. 
In the 1H NMR (CDCl3, 293K) spectrum, in addition to the signals due to the t-butyl 
protons of the phosphido ligands [a virtual triplet at 1.41 ppm, 3JH-P + 5JH-P = 7.1 Hz, 36 
H, and a doublet at 1.33 ppm, 3JH-P = 14.3 Hz, 18 H] and to the two doublets at 7.61 
ppm (3JH-H = 8.1 Hz, 2H) and 7.32 ppm (3JH-H = 8.1 Hz, 2H) due to the four aromatic 
protons of the alkynyl ligand (H1 and H2, Figure 37), other signals are present. In 
particular, the spectrum shows four multiplets due to the alkyl protons of the octyl 
chain, at 3.40-3.18 (2 H), 2.56 (2 H), 2.12-1.60 (10 H) and 0.97 (3 H) ppm, and two 
doublets at 5.12 (J = 9.2 Hz, 1H) and 4.13 ppm (J = 9.2 Hz, 1 H) and one singlet at 5.02 
ppm (1 H), respectively due to the H4, H5 and H3 (Figure 37) nuclei of the substituted 
pyrrolidinic ring, that suggest the structure given in Figure 37 for 16. 
N
P
P
P
OC
CO
Pt
Pt
Pt
H1 H2
H1 H2
H3
H5
H4
 
Figure 37. Supposed structure for 16. 
 
The 13C{1H} NMR (CDCl3, 293K) spectrum shows an high number of signals with the 
expected frequencies and intensities (Figure 37). In particular, one singlet at 175.2 ppm, 
due to the C nuclei of the carbonyl ligands, four signals at 133.76, 131.39, 129.52, 
129.38 ppm, due to the six aromatic carbons of the disubsituted benzene ring, two 
singlets for the two quaternary alkynyl C nuclei, at 121.3 ppm (Pt−C≡C) and at 82.20 
ppm (Pt−C≡C), two singlets at 69.06, 66.87, due to the carbon nuclei of the pyrrolidinic 
ring, two signals at 38.93 and 33.51 ppm, due to the t-butyl carbons and eight signals (at 
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53.08, 32.03, 29.79, 29.42, 28.41, 27.56, 22.79, 14.27 ppm) due the C nuclei of the 
octyl chain are present. In addition, the spectrum shows 28 singlets between 156.83 and 
135.79 ppm, attributable to the C nuclei of the C60; similar signals are found in other 
fulleropyrrolidine derivatives, already known in literature.83a,b,84  
The IR spectrum of a CH2Cl2 solution of 16 shows one broad signal centered at 2024 
cm−1 (νCO), and two weak signals at 2102 (νC≡C) and 1602 cm
-1, the latter due to the 
stretching of the C=C bonds of the aromatic ring.  
Finally, compound 16 was analyzed by flow injection analysis - mass spectrometry 
(FIA-MS). The spectrum shows the molecular ion at m/z = 2052.7 amu, in full 
agreement with the molecular formula of the final cluster (C104H78NO2P3Pt3, calculated 
molecular weight = 2051.8 amu).  
 
2.2.2.3 Preparation and characterization of {Pt6}(CCC6H4CHO)2 (17). 
Similarly to the procedure described above for the preparation of 16, the synthesis of the 
symmetrical cluster {Pt6}(CCC6H4CHO)2 (17) is the first step for the preparation of the 
corresponding fullerene derivative. The reaction was performed by reacting the chloro-
derivative {Pt6}Cl2 (4) with 4-ethynyl-benzaldehyde (Scheme 14) under Sonogashira-
type conditions. 
After stirring 24 hours at room temperature, the solvent was evaporated under vacuum, 
the residue was suspended in toluene and a colorless solid (Et3NHCl) was filtered off. 
From the filtrate, cluster 17 was obtained as an air and moisture stable (both in solution 
and in solid state) dark orange solid, in a high purity and yield (80%).  
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Scheme 14. Preparation of 17. 
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The high solubility of 17 in both chlorinated and non-polar solvents, allowed its full 
spectroscopical (IR and 1H, 13C, 31P, 195Pt NMR) characterization. 
The IR (solid state) spectrum shows strong bands at 2101 (νC≡C) and 2010 (νC≡Ο) cm−
1; 
similar spectral features are reported for {Pt6}(CCPh)2 (νCC = 2100 and νCO = 2010 
cm−1).54 The absence of the νCCH absorption at ca. 3000 cm−1 confirms the coordination 
of the alkynyl ligand to the cluster.109 In addition, the spectrum contains two 
absorptions at 1591 and 1552 cm−1 (νC=C, aromatic ring) and one band at 1693 cm−1, due 
to the aldehydic C=O stretching (ν = 1590 and 1680 cm−1 in 12).104 
The 31P{1H} NMR (C6D6, 293K) spectrum shows one singlet, centered at 336.2 ppm [δP 
= 335.7 ppm in {Pt6}(CCPh)2],54 with the usual shape observed for symmetrically 
substituted hexanuclear clusters (see Appendix A, Figure 38).  
 
Figure 38. 31P{1H} NMR (C6D6, 293K) spectrum of 17. 
 
The 1H NMR (C6D6, 293K) spectrum is in full agreement with structure 17 [virtual 
triplet, see Appendix A, at 1.48 ppm (3JH-P + 5JH-P = 7.1 Hz, 72 H, PCCH3), and signals 
at 7.59 (d, 3JH-H = 7.5 Hz, 4 H, Ar-H), 7.53 (d, 3JH-H = 7.5 Hz, 4 H, Ar-H) and 9.66 ppm 
(s, CHO)]. The 195Pt{1H} NMR (C6D6, 293K) spectrum shows two multiplets at −2998 
and −4664 ppm, respectively assigned to the four inner and to the two apical platinum 
atoms (δPt = −3000 and −4675 ppm in {Pt6}(CCPh)2). 54  
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The 13C{1H} NMR (C6D6, 293K) spectrum shows signals with the expected frequencies 
and intensities (see Experimental part for more details). 
 
2.2.2.4 Preparation and characterization of {Pt6}[CCC6H4-C2H3N(C8H17)C60]2  
(18). 
Compound 18 was synthesized similarly to its analogue 16: a chlorobenzene solution of 
N-octylglycine (15), C60 (14) and {Pt6}[CC-C6H4-CHO]2 (17), in 6:2:1 ratio, was stirred 
for 9 h under reflux (Scheme 15). 
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Scheme 15. Synthesis of 18. 
 
After this period, the solvent was evaporated under vacuum and the crude product was 
washed with water, ethanol and then purified by column chromatography (toluene : 
CH2Cl2 = 1:5 mixture as eluent). The final product 18 was obtained as a brown solid in 
good purity (39% yield). 
The compound is air and moisture stable in solution and in solid state, but, 
unfortunately, in spite of the presence of the alkyl chains, it is insoluble in most of the 
organic solvents. It has a low solubility only in the chlorinated solvent CH3Cl and 
CH2Cl2, which allowed the collection of significant NMR spectra of only the most 
sensitive nuclei (1H and 31P). 
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As expected, the 31P{1H} NMR (CDCl3, 293K) spectrum of 18 is very similar to the one 
of its precursor 17: a singlet at 336.0 ppm, flanked by the 195Pt satellites, which 
confirms that the two apical ligands are identical.  
The 1H NMR (CDCl3, 293K) spectrum shows the signals expected for structure 18 (as 
reference see Figure 37): two doublets at 7.62 (3JH-H = 8.3 Hz, 4 H, Ar-H) and 7.31 ppm 
(3JH-H = 8.3 Hz, 4 H, Ar-H), and two doublets at 5.09 ppm (J = 9.5 Hz, 2 H) and 4.10 
ppm (J = 9.5 Hz, 2 H) and one singlet at 5.00 ppm (2 H) for the pyrrolidinic protons.  
The octyl chains give four multiplets at 3.78-3.62, 2.52, 2.13-1.74, 0.93 ppm, and the t-
butyl protons of the phosphido ligands give a virtual triplet (see Appendix A) at 1.49 
ppm (3JH-P + 5JH-P = 6.5 Hz, 72 H). 
 
2.2.3 Electrochemical and spectroelectrochemical studies of 13 and 16. 
As reported in section 2.1.6 and discussed in more detail in the Appendix B, 
electrochemical and spectroelectrochemical studies give information about the redox 
behavior and may be useful to evaluate the presence of an intramolecular electron 
transfer process. We carried out a preliminary electrochemical and spectroelectro-
chemical analysis on the trinuclear derivatives 13 and 16 whose results are presented in 
the following paragraph. 
 
2.2.3.1 Cyclic voltammetry. 
The cyclovoltammetric profile of several trinuclear clusters containing the {Pt3} unit is 
well known.49 In CH2Cl2 solution, all clusters undergo two sequential monoelectronic 
oxidations. For cation [{Pt3}CO]+ (2+), only the first oxidation process is reversible on 
the time scale of the cyclic voltammetry, whereas the second oxidation is complicated 
by subsequent chemical reactions. Moreover, one irreversible reduction process is 
present in the cathodic region. 
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Figure 39. Cyclic voltammograms recorded at a platinum electrode in CH2Cl2 solutions 
of a) {Pt3}Cl (4) and b) {Pt3}CCPh, using NBu4PF6 0.2 M as supporting electrolyte. 
 
The voltammogram of the neutral trinuclear clusters {Pt3}X also shows two 
monoelectronic oxidation processes, but cathodically shifted with respect to the 
oxidations of 2+. The first oxidation is chemically reversible on the CV time scale, and 
the second is coupled to chemical complications, the rate of which depends upon the 
nature of the ligand X (Figure 39). Halo-derivatives [X = Cl (11), Br, I] also possess 
one irreversible monoelectronic reduction at very negative potentials, which is also 
followed by chemical complications. 
The cyclovoltammetric analyses on 13 and 16 were carried out in CH2Cl2, using 
NBu4PF6 0.2 M as the supporting electrolyte. Their redox potentials and, for reference, 
those of 11,49 {Pt3}CCPh,49 and C60, the latter measured in similar conditions by Zanello 
and co-workers,110 are summarized in Table 6. 
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Table 6: Formal electrode potentials (V vs SCE) and peak-to-peak separations (mV) for 
the redox processes exhibited in CH2Cl2 solution by compound 13 and 16 and, for 
comparison, by the trinuclear platinum clusters 11,49 {Pt3}CCPh,49 and by C60.110 
Compound Solvent Oxidations  
E0′ [a] (ΔEp)[b] 
Reductions 
E0′ [a] (ΔEp)[b] 
{Pt3}-Cl CH2Cl2 + 0.31 (60); +0.91 (70) -1.91c 
{Pt3}-CCPh CH2Cl2 + 0.30 (85); +0.75c / 
13 CH2Cl2 +0.32 (90); +0.79d -2.01c 
16 CH2Cl2 +0.29 (80); +0.72d -0.71 (80); -1.09 (81); -1.70c 
C60 CH2Cl2 / -0.63 (59); -1.00 (60); -1.45 
(64); -1.9e 
a,b Measured at 0.1 V.s-1. a Measured in V, vs SCE. b Measured in mV. c Peak potential 
value for irreversible processes. d Coupled with fast chemical reactions. e Difficult to be 
appreciated because of the partial overlapping with subsequent processes. 
 
As expected, the voltammogram of 13 (Figure 40, potential values reported vs. SCE) is 
very similar to the one of the analogous alkynyl derivative {Pt3}CCPh (Figure 39b) and 
shows two mono-electronic oxidation processes at + 0.32 and + 0.79 V, the former is 
reversible in the time scale of the cyclic voltammetry (ipc/ipa = 1 at 0.2 V s−1), while the 
latter is coupled to chemical complications. Furthermore, a multielectronic irreversible 
reduction process was observed in the cathodic region at very negative potentials (−2.01 
V). 
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Figure 40. Cyclic voltammograms of 13 measured at 0.1 Vs-1. 
 
The voltammogram of 16 shows an high number of redox processes, due to both the 
cluster and the [60]fullerene units (Figure 41). 
 
Figure 41. a) Oxidation and b) reduction processes of 16 measured at 0.1 Vs−1. 
 
The anodic region exhibits two monoelectronic oxidation processes, centered on the 
cluster. Also in this case, the former (+0.29 V) is chemically reversible and the second 
(+0.72 V) is partially reversible. Moreover, three processes, all assignable to the C60 
unit, were observed in the cathodic region. The reductions at −0.71 and −1.09 V are 
monoelectronic and reversible in the time scale of the cyclic voltammetry, conversely, 
the process at higher potentials (−1.70 V) is multielectronic and irreversible. Comparing 
the cathodic region of the voltammogram of C60 and 16 (Table 6), in the latter the 
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reduction processes are cathodically shifted due to the saturation of the double bond, 
which raises the LUMO energy,111 as reported in the literature for other 
fulleropyrrolidine derivatives. 83b, 86  
 
2.2.3.2 IR spectroelectrochemistry. 
The IR spectroelectrochemical experiments carried out on CH2Cl2 solution of 13 and 16 
(NBu4PF6 0.2 M as the supporting electrolyte) allowed the characterization of the 
products of their monoelectronic oxidation, 13+ and 16+, and of the bi-oxidized product 
132+ (Table 7). 
Table 7. CO stretching absorptions of 13 and 16 and their oxidation products. 
Compound Solvent νCO/cm-1 
Initial 
νCO/cm-1 
Mono-oxidized 
νCO/cm-1 
Bi-oxidized 
13 CH2Cl2 2024; 2035 2068; 2077 2083 
16 CH2Cl2 2024; 2034 2067; 2077 / 
 
The IR spectrum of 13 shows a broad νCO absorption at 2024 cm−1 with a shoulder at 
2035 cm−1. Upon oxidation, these bands are gradually replaced by two new peaks at 
higher frequencies (2068 and 2077 cm−1). The appearance of well-defined and 
withstanding isosbestic points and the quantitative restoration of the IR bands of the 
starting 13 observed in the reverse cycle confirm the remarkable stability of the 
oxidized cluster (Figure 42a). Going to the second oxidation potential, a new very broad 
band, that may be assigned to 132+, grows up at 2083 cm−1 (Figure 42c). On the time 
scale of the IR experiments, the oxidation is followed by partial decomposition in an 
unidentified product (proved by the presence of a weak absorption at 2051 cm−1, which 
remains unchanged after the reverse cycle) that did not allow the complete recovery of 
the starting compound 13. 
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Figure 42. IR spectral changes recorded in a OTTLE cell during the progressive a) and 
b) one-electron and c), d) and e) two-electrons oxidation of 13 in CH2Cl2 solution. A 
reference spectrum, collected before the application of an oxidation potential, is used to 
calculate the differential absorbance spectra of a) and b). The final spectrum b) has been 
used to calculate the differential absorbance spectra of d). Due to the partial overlap of 
the CO bands in 13+ and 132+, only the spectrum of the mono-oxidized product and the 
final spectrum of the di-oxidized species are shown (c). 
 
The IR spectrum of 13 also shows absorptions due to the C≡C (2097 cm−1), to the 
aldehydic C=O (1683 cm−1) and to the C=C ring (1589 and 1552 cm−1) vibrations of the 
alkynyl ligand (see section 2.2.2.1). During the stepwise oxidation also these bands shift 
at higher frequencies, due to the increase of the formal positive charge of the cluster. 
After the first oxidation, well-defined isosbestic points are present in all the spectral 
changes (Figure 42b). Unfortunately, after the second oxidation, the C≡C and one of the 
C=C stretching are no more detectable, probably due to symmetry changes of the cluster 
(Figure 42d). The collected data are summarized in Table 8. 
 
 
 
 
a) b) 
 
c) 
 
d) 
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Table 8. Absorption bands of the alkynyl ligand in 13 and its oxidation products.  
 13 13+ 132+ 
νC≡C/cm-1 2097 2117 / 
νC=O/cm-1 1683 1702 1707 
νC=C/cm-1 1589; 1552 1596; 1559 1567 
 
The oxidation products of 16 are less stable than those of 13, for this reason only the IR 
spectrum of the mono-oxidized 16+ was recorded (Figure 43). In this case, only the 
spectral changes of the absorption bands due to the CO stretching are detectable. 
 
Figure 43. IR spectral changes recorded in an OTTLE cell during the progressive one-
electron oxidation of 16 in CH2Cl2 solution. A reference spectrum, collected before the 
application of an oxidation potential, is used to calculate the differential absorbance 
spectra. 
 
The IR spectral changes of 16 during the progressive one-electron oxidation are very 
similar to those of its precursor 13: the initial spectrum shows one broad band at 2024 
cm−1, with a shoulder at 2034 cm−1 (νCO), which, during the oxidation, are gradually 
replaced by two bands at 2067 and 2077 cm−1. The IR spectrum of 16 shows also one 
band at 2102 cm−1 (νC≡C), which decreases during the oxidation. 
IR spectra were also recorded during the reduction of compound 16. In this case, the 
processes are centered on the [60]fullerene unit. During the electrolysis, no spectral 
changes of the CO absorption band at 2024 cm−1 were detected, as if the carbonyl 
ligands coordinated to the cluster weren’t affected by the electronic changes on the C60 
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unit. This, together with the similarity of the spectral changes during the oxidation with 
its precursor 13, prefigures the absence of any significant electronic communication 
between C60 and the {Pt3} unit in 16. 
   
2.2.3.3 UV-Vis and NIR spectroelectrochemistry. 
UV-Vis spectroelectrochemical experiments were executed on CH2Cl2 solution of 13 
and 16, using NBu4PF6 0.2 M as the supporting electrolyte. The UV-Vis spectral 
changes are shown in Figure 44 for 13 and in Figure 45 for 16. Spectral data are 
summarized in Table 9. 
Table 9. UV-Vis absorption bands of 13, 16 and theirs mono-oxidized product. 
Compound λmax/nm 
initial 
λmax/nm 
mono-oxidized 
13 222; 242; 357; 400 229; 304; 400; 496 
16 233; 290; 317; 349; 393; 430 233; 290; 317; 430 
 
The UV-Vis spectrum of 13 (Figure 44, green line) shows two absorptions at λmax = 357 
and 400 nm assignable to the cluster unit (the UV-Vis spectrum of {Pt3}Cl (11) shows 
two peaks at 357 and 396 nm) and two overlapped bands at 222 and 242 nm, probably 
due to metal-ligand-charge-transfer (MLCT) and to the acetylide-based intraligand 
transitions (similar absorptions were found in Pt(phenantroline)(CC-C6H4-CHO)2  by 
Wadas et al.).112 
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Figure 44. UV-Vis spectra of 13 in CH2Cl2 solution containing NBu4PF6 (0.2 M) as 
supporting electrolyte recorded in a OTTLE cell during the stepwise one electron 
oxidation. 
 
During the oxidation at the first oxidation potential, the peak at 357 nm decreases and is 
replaced by new bands at 304 and 500 nm which were assigned to the mono-oxidized 
{Pt3} unit. Spectral changes involve also the ligand-centered absorptions, in fact the 
bands at 222 and 242 nm are replaced by a new peak at 229 nm (Figure 44). 
Quantitative restoration of the UV-Vis bands of the starting 13 was observed in the 
reverse cycle. Unfortunately, the two-electron oxidation product, 132+, is not stable in 
the time scale of the UV-Vis experiments and it was not possible to record its spectrum. 
The UV-Vis spectrum of 16 (Figure 45, green line) is more complex than the one of its 
precursor 13. In fact, the region between 500 and 200 nm shows an high number of 
overlapped absorptions. For comparison with the spectra of 13, we may tentatively 
assign the peaks at 349 and 393 nm to the cluster unit. The other absorptions, especially 
the one at 430 nm, might be assigned to the fulleropyrrolidine unit, in fact similar bands 
were found in other fulleropyrrolidine derivatives known in literature.83a,d;86 However, 
the assignment of the bands with λmax < 330 nm is difficult because also the MLCT and 
acetylide intraligand transitions fall in this region.  
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Figure 45. UV-Vis spectra of 16 in CH2Cl2 solution, containing NBu4PF6 (0.2 M) as 
the supporting electrolyte, recorded in an OTTLE cell during the stepwise one-electron 
oxidation. 
 
During the stepwise one-electron oxidation, we observed spectral changes of only the 
absorptions due to the cluster unit: the bands at 349 and 393 nm decrease, but no new 
peak appears. In this case, it was not possible to detect clearly the absorptions of the 
cluster unit in 16+ because, probably, they fall in a spectral region occupied by other 
transitions. 
The absence of spectral changes of the bands attributable to the alkynyl ligand during 
the oxidation, supports the lack of electronic communication between the C60 and {Pt3} 
units, as already found in the IR spectroelectrochemical experiments. 
Furthermore, NIR spectroelectrochemical measurements were made on a CH2Cl2 
solution of 16, using NBu4PF6 0.2 M as the supporting electrolyte. The spectral changes 
during the first reduction process are shown in Figure 46. In this part of the spectral 
region the singly reduced fullerene has a characteristic absorption around 1080 nm; in 
the fulleropyrrolidine derivatives, this maximum is shifted to higher energies, at ca. 
1010 nm.86  
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Figure 46. NIR spectra of 16 in CH2Cl2 solution containing NBu4PF6 (0.2 M) as 
supporting electrolyte recorded in an OTTLE cell during the stepwise one electron 
reduction. 
 
As expected, the initial spectrum does not show absorptions in the NIR region (750-
2500 nm). During the electrolysis a broad peak increases at λmax = 993 nm, reaching its 
maximum intensity at the first reduction potential; the position of this absorption is thus 
very close to those previously attributed to monoreduced fulleropyrrolidine-
derivatives.86 The band decreases until complete disappearance in the reverse cycle, 
confirming the reversibility of the reduction process in the time scale of NIR 
spectroelectrochemistry. Conversely, no spectral changes were observed during the 
oxidation of 16.  
 
2.2.4 Conclusion and future works. 
In conclusion, the electrochemical and spectroelectrochemical analyses are in 
agreement with a lack of electronic communication between the cluster and the 
fullerene units of these derivatives. A similar result was observed by Guldi and co-
workers83b in dumbbell-type architectures in which two C60 stoppers are bridged by π-
conjugated oligophenyleneethynylenes (OPEs) of various lengths, covalently connected 
to the fullerene units through pyrrolidine rings (Figure 47). Also in this case, the 
cyclovoltammetric analysis certifies the lack of electronic communication between the 
bridge and the C60 moieties, which behave as two independent units in the ground state.  
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Figure 47. C60-oligomer-C60 triads. 
 
The authors suggest that this failure can be accounted for by the interruption of 
conjugation caused by the interposition of two sp3 carbon atoms of the pyrrolidinic ring 
between the C60 moieties and the conjugated oligomeric bridge. Actually, it is worth 
noting that spectroscopic and electrochemical studies on the alkynyl derivatives shown 
in Figure 48, in which only one sp3 carbon is interposed between C60 and the spacer, 
revealed also in this case the lack of any detectable electronic communication in the 
ground state.113  
 
Figure 48. Fullerene-terminated oligo(phenylene ethynylene)s (OPE)s. 
 
On the other hand, in a large number of C60-based donor-acceptor systems, the charge 
transfer is studied after exciting the fullerene or the donor unit by light irradiation.114,115 
This leads (directly, or after energy transfer from the singlet excited state of the donor) 
to the population of the singlet excited state of the fullerene moiety, which has a short 
lifetime (nanoseconds) and, generally, converts rapidly to the longer-lived triplet 
excited state, after a spin-forbidden intersystem crossing. Population of the excited 
states [whose energies are ca 1.9 eV (singlet) and 1.5 eV (triplet)]86 renders the 
fullerene both a better electron acceptor and an electron donor compared to the ground 
state. These electron transfer processes may occur with two possible pathways: 
“through-bond” and “through-space”. In the case of rigid conjugated spacers (such as 
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the one used in compounds 16 and 18) the lack of freedom of conformational changes 
allows only the through-bond pathway; on the contrary, the presence of flexible 
unconjugated spacers (such as alkyl chains) makes the first pathway unfavorable, but 
allows the acceptor and donor units to come in close proximity, thus facilitating the 
through-space pathway. 
The tri- and hexanuclear clusters prepared in our laboratories may be respectively 
considered as donor or acceptor units, due to their electrochemical responses; thus it 
would be interesting to reinvestigate the electron-transfer capabilities of these systems 
after photoexcitation of the fullerene or of the spacer units. It will also be interesting to 
introduce flexible, not-necessarily conjugated, spacers in order to test possible through-
space electron transfer. In any case, it will be of great help to carry out theoretical 
studies in order to understand if the molecular orbital geometry and energy of the C60 
and of the donor or acceptor cluster units, in their ground or excited states, may assist a 
charge transfer. 
 
2.3 Tris-Phosphido Bridged triangular clusters of palladium. 
As briefly introduced in section 1.2, one of the targets of my PhD Thesis was to prepare 
new clusters in order to use them as synthons for the synthesis of ordered 
macromolecular assemblies. For this type of utilization, these new compounds should 
posses a remarkable stability under the reaction conditions needed to build the final 
structures and should contain only a few reactive sites, well positioned to give the 
expected shape to the final structures. Since the tri- and hexanuclear platinum clusters 
prepared in our laboratories, and fully described in the previous parts of this Thesis, 
have these features, we thought to prepare similar palladium compounds. While 
platinum mixed-valence tris-phosphido-bridged triangulo clusters of this type are well 
known, we found out that the analogous palladium compounds of general formula 
[Pd3(µ-PR2)3(L)3]+ or Pd3(µ-PR2)3(L)2X were virtually unknown. Actually, only the 
chloro derivative Pd3(µ-PBut2)3(CO)2Cl, obtained in very low yields (12%) as a by-
product in a reaction conceived for other purposes, has been described by Jones and co-
workers in 1987.116 Other loosely related derivatives reported meanwhile are: the 
bis(dialkylamino)phosphide derivatives of Pd(II), Pd3(µ-PR2)3Cl3 [R = NPri2, N(c-
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Hex)2], prepared by Dyer and co-workers,117 the Pd(0) phosphinine cluster Pd3(µ-
PC5H2-2,4,6-Ph3)3(PEt3)3, prepared by Reetz, Thiel and co-workers,118 and the primary 
phosphido derivative of Pd(II), Pd3(µ-PHCH2Fc)3(PPh3)3Cl3, prepared by Mastrorilli 
and co-workers.119 In the latter, however, the Pd centres are not bonded to each other, 
but the three [Pd(PPh3)Cl] subunits are held together by the bridging µ-PHCH2Fc 
groups. 
 
2.3.1 Synthesis and spectroscopical characterization of Pd3(µ-
PBut2)3(CO)2Br (20) and Pd3(µ-PBut2)3(CO)2I (21). 
In order to plan the synthesis of the tris-phosphido bridged triangular palladium 
clusters, we inspired to the preparation of their analogous trinuclear platinum 
compounds prepared in our laboratories.48,49 As shown in section 1.2, the precursor of 
all the phosphido bridged trinuclear platinum clusters is the hydride derivative Pt3(µ-
PBut2)3(CO)2H (1).48 This is synthesized by heating at 100 °C a toluene suspension of 
the dinuclear Pt(II) complex [Pt(PBut2H)(H)(µ-PBut2)]2,120 under an atmosphere of CO 
(1 atm, Scheme 16).  
CO
Toluene
P
PP
CC O
O
1
H
P
HBut2P
PBut2H
P
H
H
 = Pt  
Scheme 16. Synthesis of {Pt3}H (1). 
 
In the palladium case, it was not possible to repeat the reaction using the same 
conditions shown in Scheme 16, because the analogous dinuclear compound of Pd(II), 
[Pd(PBut2H)(H)(µ-PBut2)]2, is unstable and immediately undergoes a reductive 
elimination, releasing H2 and giving the more stable Pd(I) dinuclear complex 
[Pd(PBut2H)(µ-PBut2)]2, (19).121 In fact, by heating compound 19 under an atmosphere 
of CO we did not achieve the desired compound but we obtained the monosubstitution 
product [Pd2(µ-PBut2)2(PBut2H)(CO)], together with other unidentified compounds. The 
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31P{1H} NMR spectrum, recorded on a portion of the reaction mixture, shows two main 
signals (together with other several weak and unassigned singlets in the region between 
0 and 250 ppm), one doublet at 305.2 ppm (2JP-P = 28 Hz) and a triplet at 58.2 ppm (2JP-P 
= 28 Hz). Similar parameters (295.8 ppm, d, 2JP-P = 38 Hz; 60.7 ppm, t, 2JP-P = 28 Hz) 
were found for [Pt2(µ-PBut2)2(PBut2H)(CO)].122 
Due to the lack of hydride ligands in 19, its reaction with CO was also performed in the 
presence of a reagent that may release H− (NaBH4). Unfortunately, under these 
conditions we did not achieve the desired trinuclear product but only a mixture of 
unidentified compounds. Probably in these conditions the palladium compounds present 
in solution may be reduced; otherwise, the hydride derivative of an hypothetic trinuclear 
cluster may be unstable and, hence, may decompose before isolating. 
We then attempted the reaction in presence of an halide ion, since we knew that halide 
derivatives of phosphido-bridged trinuclear palladium clusters are stable (as reported 
above, Pd3(µ-PBut2)3(CO)2Cl is known in literature116). The reaction was performed by 
heating a toluene suspension of the dinuclear complex 19 under 1 atmosphere of CO in 
presence of a stoichiometric amount of NBu4X (X = Br, I, Scheme 17). 
P
PP
CC O
O
20   X = Br
X
21   X = I
NBu4X
P
HBut2P PBu
t
2H
P
CO
19
 = Pd  
Scheme 17. Synthesis of {Pd3}Br (20) and {Pd3}I (21).  
 
After stirring three days at 100°C, the reaction mixture was cooled to room temperature 
and the solid residue was filtered off. The remaining red solution was evaporated under 
vacuum and the crude product was purified by column chromatography on neutral 
alumina. The desired products {Pd3}X [hereafter Pd3(µ-PBut2)3(CO)2 = {Pd3}; X = Br 
(20), I (21)] were isolated in satisfactory to good yields (20: 63%, 21: 85%) as dark red 
microcrystalline solids. The attempted reaction between 19 and NBu4Cl was 
unsuccessful, giving only complex mixtures of unidentified products (this cluster was 
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obtained in high yields using a different synthetic method, which will be fully described 
below). The stability of the {Pd3}X halo derivatives increases going from the chloro to 
the iodo-derivative, and {Pd3}Cl (22) decomposes under the reaction conditions. This 
stability scale is supported also by the fact that {Pd3}I, (21) is air stable both in the solid 
state and in solution, whereas {Pd3}Br, (20) is air stable only in the solid state and 
decomposes in solution after a few days, giving a mixture of unidentified complexes. 
The high solubility of both the clusters in the most common organic solvents allowed 
their full spectroscopic characterization (IR and 1H, 13C and 31P NMR); moreover, the 
solid state structure of 20 was determined by X-ray diffractometric studies (see infra). 
Differently from the trinuclear platinum clusters, in which the presence of the satellites 
due to the coupling with the 195Pt nucleus complicates the shape of the signals, the 
31P{1H} NMR (C6D6, 293K) spectra of 20 and 21 show simpler signals. In particular, 
one doublet at ca. 280-290 ppm, due to the two equivalent P2 nuclei, and a triplet at ca. 
210 ppm, due to the P1 nucleus bridged to the Pd−Pd bond opposite to the halide ligand 
(2JP-P ca. 115-116 Hz); the spectrum of {Pd3}I (21) is reported in Figure 49, and the 
NMR parameters for 20 and 21 are summarized in Table 11. 
 
Figure 49. 31P{1H} NMR (C6D6, 293K) of 21. 
  
The multiplicity of the 31P{1H} NMR signals is in full agreement with the structure 
suggested for these compounds; moreover, similar signals were found by Jones and co-
workes in {Pd3}Cl (δP2 = 280.1 ppm, δP1 = 207.5 ppm and 2JP-P = 119 Hz).116  
As expected, the 1H NMR (C6D6, 293K) spectrum of both clusters shows only two 
signals due to the protons of the t-butyl phosphido ligands: one virtual triplet (see 
a) b) 
P
PP
COOC
X
1
2 2
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Appendix A) at ca. 1.50 ppm (3JH-P + 5JH-P ca. 7.0 Hz, 36 H) and one doublet at ca. 1.13 
ppm (3JH-P ca. 14.5 Hz, 18 H). The signals of {Pd3}Br (20) are shown in Figure 50.  
 
Figure 50. 1H NMR (C6D6, 293K) spectrum of 20. 
 
Again, the signals are similar to those found in {Pd3}Cl (δH = 1.45 and 1.11 ppm; 3JH-P 
= 15 Hz).116 The 13C{1H} NMR (C6D6, 293K) spectra of 20 and 21 show the expected 
signals: one singlet at ca. 188 ppm due the C nuclei of the carbonyl ligands and four 
singlets, two at ca. 41-39 ppm and two at ca. 34-29 ppm, respectively, due to the 
quaternary and the CH3 carbon nuclei of the three t-butyl phosphido ligands, two of 
which are chemically equivalent. 
The IR spectrum (solid state) of both clusters shows one absorption at ca. 2040 cm-1 
(Table 11), due to the CO stretching. The found νCO values are higher compared to the 
analogous ones in the corresponding platinum clusters (νCO = 2027 cm-1 in {Pt3}Br and 
νCO = 2024 cm-1 in {Pt3}I); 49 the difference may be assigned to the greater π-basicity of 
platinum. 
 
2.3.1.1 Crystal and molecular structure of {Pd3}Br (20). 
Single crystals of 20 suitable for crystallographic studies were obtained by slow 
evaporation from hexane solution. The molecular structure is shown in Figure 51 and its 
more significant geometrical parameters are summarized in Table 10. 
 81 
 
Figure 51. ORTEP view of the molecular structure of [Pd3(µ-PBut2)3(CNBut)3]+ (26+). 
Thermal ellipsoids are at 20% probability. 
 
The molecule belongs to the Pnma space group and its structure is similar to that of the 
isotypic chloro derivative.116 The coordination neighbourhood of palladium is planar. 
Each pair of t-butyl groups lie on either side of the Pd3 plane, thus offering steric 
protection to the inner Pd3(µ-P3) core. The asymmetric unit is half molecule for the 
mirror plane passing through Br, Pd(2), P(1) and the two carbon atoms connected to 
P(1). The Pd3 triangle is isosceles with two Pd(1)−Pd(2) distances [2.9474(10) Å] 
slightly shorter than the Pd(1)−Pd(1') [2.9960(13) Å] distance, opposing the bromine 
ligand. The P(1) atom, bridging the longer Pd−Pd bond, shows Pd−P distances 
[Pd(1)−P(1) = 2.314(2) Å] slightly longer than the other Pd−P distances [Pd(1)−P(2) = 
2.298(2) Å and Pd(2)−P(2) = 2.273(2) Å]. These data confirm the flexibility of the 
phosphido ligands, which can bridge two bonded or non-bonded metals. Thus, the short 
Pd−Pd distances in 20 are not imposed by the ligand but may be attributed to a real 
Pd−Pd bond. The Cambridge Crystallographic Data Base123 also shows that the 
observed Pd(2)−Br distance [2.4601(16) Å] is almost coincident with the average 
calculated [2.456 Å] on the result of 180 Pd−Br distances in structures with terminal Br. 
Finally, the two carbonyl ligands are terminally coordinated, with Pd(1)−C(1)−O(1) 
angle [177.5(9)°] and Pd(1)−C(1) distance [1.874(10) Å] similar to those found in 
{Pd3}Cl. The C(1)−O(1) distance [1.124(11) Å] is slightly shorter than in {Pt3}Cl 
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[1.16(2) Å],49 confirming, together with the IR data, the minor π-backbonding of 
palladium. 
Table 10. Significant Bond lenghts [Å] and angles [°] in 20. 
Pd(1)−Pd(2) 2.9474(10) Pd(1)−P(2) 2.298(2) 
Pd(1)−Pd(1') 2.9960(13) Pd(2)−P(2) 2.273(2) 
Pd(1)−P(1) 2.314(2) Pd(2)−Br 2.4601(16) 
Pd(1)−C(1) 1.874(10) C(1)-O(1) 1.124(11) 
Pd(2)−Pd(1)−Pd(1') 59.452(15) P(2)−Pd(1)−Pd(2) 49.49(6) 
Pd(1)−Pd(2)−Pd(1') 61.10(3) P(2)−Pd(2)−Pd(1) 50.22(6) 
P(1)−Pd(1)−Pd(1') 49.66(5) Pd(2)−P(2)−Pd(1) 80.30(7) 
Pd(1)−P(1)−Pd(1') 80.69(10) P(2)−Pd(2)−Br 99.24(6) 
C(1)−Pd(1)−P(1) 101.1(3) C(1)−Pd(1)−P(2) 100.4(3) 
Pd(1)-C(1)-O(1) 177.5(9)   
 
2.3.2 Reactivity of {Pd3}I (21). 
After obtaining the trinuclear palladium clusters 20 and 21, we started the study of their 
reactivity, in particular of the iodo derivative {Pd3}I (21). This cluster proved to be an 
excellent precursor for other trinuclear palladium clusters for its air stability both in the 
solid state and in solution, and its high solubility in polar and non-polar organic 
solvents. Until now, four substitution reactions, involving only the iodo ligand or the 
whole set of terminal ligands, were studied and are summarized in Scheme 18. 
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Scheme 18: Reactivity of 21 with neutral ligands. 
 
2.3.2.1 Substitution of the iodo ligand. 
The iodo ligand may be quantitatively removed by reacting {Pd3}I (21) with an excess 
of TlPF6 in acetonitrile or pyridine, which gives, respectively, [Pd3(µ-
PBut2)3(CO)2(NCCH3)] [PF6] 24(PF6) and [Pd3(µ-PBut2)3(CO)2(py)][PF6] 25(PF6), 
(Scheme 18). In fact, the reaction between 21 and TlPF6 leads to the formation of the 
insoluble salt (TlI), which precipitates out in the reaction mixture, and, probably, of an 
unstable intermediate palladium cluster, where one metal atom is coordinatively 
unsaturated, which coordinates a solvent molecule (CH3CN or pyridine). After stirring 
overnight at room temperature, filtering off TlI and washing with hexane, the 
monosubstitution products 24(PF6) and 25(PF6) were obtained as dark red solid in high 
purity and in good yields (74 and 86%). 
Moreover, by treating a dry THF solution of 21 with a 2-fold excess of TlPF6 under 1 
atm of carbon monoxide we obtained the substitution of the iodide by a carbonyl ligand 
(Scheme 18). After stirring overnight at room temperature, filtering off the TlI and 
washing with hexane, the symmetrical cationic cluster [Pd3(µ-PBut2)3(CO)3][PF6] 
23(PF6) was achieved as red solid in a good yield (77%). 
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The monocationic clusters 23(PF6), 24(PF6) and 25(PF6) are air stable for a few days in 
the solid state and decompose in a few hours in solution. However, their stability in 
solution under an inert atmosphere and their solubility in polar organic solvents, 
allowed their full spectroscopic characterization (IR and 1H, 13C and 31P NMR, see 
infra). 
 
2.3.2.1.1 Synthesis of {Pd3}Cl (22). 
Previously, we reported that the reaction between the dinuclear complex 19 and NBu4Cl 
under 1 atm of CO (Scheme 17) didn’t lead to the chloro derivative {Pd3}Cl (22). In 
order to conceive a better synthetic method for this cluster, compared to the one 
reported in the literature,116 we inspired to the synthesis of its analogous {Pt3}Cl (11), 
prepared by reacting the monocationic [{Pt3}CO]+ (2+) with NBu4Cl, in acetone.55  
Thus, we tried the reaction by adding an equimolar amount of [(PPh3)2N]Cl, to a 
solution of [{Pd3}CO](PF6), 23(PF6) in dry acetone (Scheme 19).  
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Scheme 19: Synthesis of 22. 
 
Under these conditions, we obtained the desired product {Pd3}Cl (22) as a red solid in 
high purity and yield (77%). Cluster 22 is slightly less stable compared to the bromo-
derivative 20: in fact, it is air stable, both in the solid state and in solution, only for a 
few days.  
 
2.3.2.2 Reaction with isocyanides. 
The reaction of 21 with the alkylisocyanide CNBut leads to the substitution of all the 
terminal ligands affording the symmetrical cationic cluster [Pd3(µ-PBut2)3(CNBut)3]I, 
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26(I) (Scheme 18). The reaction was performed by treating a toluene solution of 21 with 
a 3-fold excess of CNBut; after stirring the mixture for 1 hour, cluster 26(I) precipitated 
out and was isolated as an orange solid in good yield (87%, Scheme 18). The final 
product is air stable both in solid state and in solution and it is soluble in polar organic 
solvents. Furthermore, the iodide anion, which complicates the cyclic voltammetric 
profile of the cation (see below), was exchanged by treating 26(I) with a stoichiometric 
amount of AgPF6. After filtering off AgI, which precipitated out during the reaction, the 
methathesis product 26(PF6) was obtained in quantitative yields. Moreover, 26(CF3SO3) 
was obtained by adding a stoichiometric amount of AgCF3SO3 to a CH2Cl2 solution of 
26(I). After filtering off AgI, the final product, 26(CF3SO3), was isolated as an orange 
microcrystalline solid in high yield (90%). The solid state structure of 26(CF3SO3) was 
determined by diffractometric studies (see infra). Unfortunately, the stepwise 
substitution of the terminal ligands yielding [Pd3(µ-PBut2)3(CO)2(CNBut)]I or [Pd3(µ-
PBut2)3(CNBut)2I], which was attempted by reacting 21 with an equimolar or a 2-fold 
excess of CNBut, was unsuccessful, and gave only minor amounts of the persubstituted 
cluster 26(I), in mixture with the starting material 21.  
 
2.3.2.3 Spectroscopic characterization of trinuclear palladium derivatives 22-26(I). 
Significant IR and NMR parameters for clusters 22-26(I), together with those of the 
bromo- and iodo-derivatives, 20 and 21, are shown in Table 11.  
The IR (solid state) spectrum of the neutral chloro-derivative 22 shows one νCO 
absorption band at 2038 cm−1, which is in the frequency range of the other halo-
derivatives 20 and 21 (2030-2040 cm-1). The CO stretching absorptions of cation 23+ 
were found at 2094 and 2053 cm−1, which, in comparison with the corresponding bands 
of the halo derivatives, are shifted as expected after the substitution of a σ−donor halide 
with a π-acceptor carbonyl ligand and the resulting charge increase. Also the νCO 
absorptions of the monocations 24+ and 25+ are shifted to higher frequencies (ca. 2045-
2070 cm−1) compared to the corresponding bands of the neutral compounds 20-22, due 
to the increase of the total charge of the compounds. The IR (solid state) spectrum of 
cation 26+ shows one absorption at 2156 cm−1 for the CN stretching of the terminal 
isocyanide ligands, which is higher than in the free CNBut molecule (2136 cm−1); 
 86 
similar frequencies were found in other trinuclear palladium clusters with terminal 
isocyanide ligands [νCN = 2175 and 2148 cm−1 in [Pd3(µ-SO2)2(CNBut)2(PBz3)3]124 and 
2138 cm−1 in [Pd3(µ-PBut2)2(CN-C6H4-p-Me)5](CF3SO3)2].125 The 31P{1H} NMR (C6D6, 
293K) spectrum of the chloro derivative 22, similarly to those of the bromo and iodo-
derivatives, shows a doublet at 277.4 ppm (P2, 2JP-P = 115.4 Hz) well separated from a 
triplet at 204.8 ppm (P1, 2JP-P = 115.4 Hz). 
Table 11: Significant IR ν[cm-1] (solid state) and NMR δ[ppm] parameters for 20-26(I). 
 Cluster X Y n ν  [a] δP1(JP1P2/Hz) δP2(JP1P2/Hz) 
20 Br CO 0 2040 206.4 t (115.8) 282.7 d (115.8) 
21 I CO 0 2034 213.4 t (116.4) 292.5 d (116.4) 
22 Cl CO 0 2038 204.8 t (115.4) 277.4 d (115.4) 
23(PF6) CO CO 1 2094, 
2053 
295.6 s 
24(PF6) CH3CN CO 1 2058, 
2044 
245.4 t (128.0) 275.8 d (128.0) 
25(PF6) Py CO 1 2066 250.8 t (121.3) 258.9 d (121.3) 
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26(I) CNtBu CNtB
u 
1 2156 257.2 s 
 a ν(CO) in 20-22, 23(PF6), 24(PF6) and 25(PF6); ν(CN) in 26(I).   
 
Similar spectra were observed for the cationic derivatives 24(PF6) and 25(PF6), with a 
small high-field shift of the doublet (δP2 = 275.8 and 258.9 ppm) and a low-field shift of 
the triplet (δP1 = 245.4 and 250.8 ppm, 2JP-P ca. 120-130 Hz). The symmetrical cationic 
clusters 23(PF6) and 26(I) show only a singlet in the low-field region (δP = 295.6 and 
257.2 ppm, respectively) due to the three equivalent phosphorus nuclei. The spectra of 
26(PF6) and 26(CF3SO3), obtained from 26(I) by exchanging the counterion, show one 
singlet at the same chemical shift of their precursor 26(I). In addition, the spectrum of 
26(PF6) shows an heptet at −142.5 ppm (1JP-F = 709.9 Hz, 1 P) due to the PF6− anion. A 
similar signal, at ca −140 ppm (1JPF = ca 700 Hz), is also present in the spectra of all the 
ionic compounds containing PF6− as counterion.  
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The 1H-NMR spectra of all clusters show signals in good agreement with the structures 
proposed in Table 11; the chloro-derivative and the asymmetrical cationic clusters give 
a doublet at 1.12−1.41 ppm (3JH-P ca. 15 Hz, 18 H) for the protons of the t-butyl 
substituents of P1 and a virtual triplet (see Appendix A) at 1.29 −1.50 ppm (3JH-P + 5JH-P 
ca. 7 Hz, 36 H) for the equivalent t-butyls of the P2 nuclei. The symmetrical cationic 
complexes show only a virtual triplet at 1.32−1.42 ppm (3JH-P + 5JH-P ca. 7 Hz, 54 H) 
due to the t-butyl groups bonded to the three equivalent P nuclei. The spectra of 
24(PF6), 25(PF6) and 26(I) show additional signals due to the protons of the terminal 
ligands, respectively one singlet at 2.90 ppm (NCCH3), three multiplet at 7.63, 7.87 and 
8.21 ppm (NC5H5) and one singlet at 1.72 ppm [CNC(CH3)]. 
The 13C{1H} NMR spectra show signals with the expected frequencies and intensities 
(see the Experimental part for more details). 
 
2.3.2.4 Crystal and molecular structure of [Pd3(µ-PBut2)3(CNBut)3](CF3SO3), 
26(CF3SO3). 
Single crystals of 26(CF3SO3) suitable for a crystallographic study were obtained by 
stratifying n-hexane on a CH2Cl2 solution of the cluster. The molecular structure is 
shown in Figure 51 and its more significant geometrical parameters summarized Table 
10. 
 
Figure 52: ORTEP view of the molecular structure of [Pd3(µ-PBut2)3(CNBut)3]+ (26+). 
Thermal ellipsoids are at 20% probability. 
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Table 12: Significant Bond lenghts [Å] and angles [°] in 26+. 
Pd(1)−Pd(2) 2.9525(6) Pd(2)−P(2) 2.2933(14) 
Pd(1)−Pd(3) 3.0055(6) Pd(3)−P(2) 2.2965(14) 
Pd(2)−Pd(3) 2.9686(6) Pd(3)−P(3) 2.2954(15) 
Pd(1)−P(1) 2.2947(15) Pd(1)−C(1) 1.947(6) 
Pd(1)−P(3) 2.2949(16) Pd(2)−C(6) 1.936(6) 
Pd(2)−P(1) 2.2990(15) Pd(3)−C(11) 1.948(7) 
Pd(1)−Pd(2)−Pd(3) 61.005(14) P(3)−Pd(3)−Pd(1) 49.09(4) 
Pd(2)−Pd(1)−Pd(3) 59.763(14) P(3)−Pd(1)−Pd(3) 49.11(4) 
Pd(2)−Pd(3)−Pd(1) 59.232(14) Pd(3)−P(3)−Pd(1) 81.80(5) 
P(1)−Pd(2)−Pd(1) 49.94(4) C(1)−Pd(1)−P(3) 99.54(19) 
P(1)−Pd(1)−Pd(2) 50.07(4) C(1)−Pd(1)−P(1) 101.72(19) 
Pd(1)−P(1)−Pd(2) 79.99(5) C(6)−Pd(2)−P(1) 100.35(18) 
P(2)−Pd(2)−Pd(3) 49.75(4) C(6)−Pd(2)−P(2) 99.08(18) 
P(2)−Pd(3)−Pd(2) 49.65(4) C(11)−Pd(3)−P(2) 102.48(18) 
Pd(2)−P(2)−Pd(3) 80.60(5) C(11)−Pd(3)−P(3) 99.63(18) 
N(1)-C(1)-Pd(1) 176.4(7) C(1)-N(1)-C(2) 176.8(8) 
N(2)-C(6)-Pd(2) 179.0(7) C(6)-N(2)-C(7) 175.7(8) 
N(3)-C(11)-Pd(3) 177.7(6) C(11)-N(3)-C(12) 175.3(8) 
 
Differently to {Pd3}Br (20), the cation [Pd3(µ-PBut2)3(CNBut)3]+ (26+) belongs entirely 
to the asymmetric unit and do not show any symmetry operation rigorously valid. 
Locally, however, it approaches to the 3m symmetry, C3v in the Schönflies notation, 
which is not completely satisfied due to slight rotations of the t-butyl groups of the 
isocyanide ligands. The molecule exhibits a scalene Pd3 triangle core with two shorter 
and slightly different Pd(1)−Pd(2) and Pd(2)−Pd(3) bonds [respectively 2.9525(6) and 
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2.9686(6) Å] and one long Pd(1)-Pd(3) [3.0055(6) Å] distances. These distances are 
almost the same of those of compound 20. The Pd−P distances, between 2.293 and 
2.299 Å, are similar to those found in {Pd3}Br (20). The three isocyanide ligands are 
terminally coordinated (N−Pd−C angles of ca. 177°), in an approximately linear fashion 
(C−N−C angles of ca. 176°). The Pd−C [Pd(1)−C(1) = 1.947(6) Å, Pd(2)−C(6) = 
1.936(6) Å and Pd(3)−C(11) = 1.948(7) Å] distances from the isocyanide carbons are 
longer than those from the carbonyl carbons found in 20 [Pd−C = 1.874(10) Å] but are 
similar to Pd−C distances found in other trinuclear palladium clusters with terminal 
isocyanide ligands (i.e. Pd−C ca. 2.0 Å in [Pd3(µ-SO2)2(CNBut)2(PBz3)3]124 and Pd−C 
1.94-2.06 Å in [Pd3(µ-PBut2)2(CN−C6H4-p-Me)5](CF3SO3)2125). 
2.3.3 Cyclo-voltammetric measurements on 20-26(PF6). 
In order to start the study of the redox behavior of the trinuclear palladium clusters, the 
electrochemical properties of compounds 20-26(PF6) were studied by cyclic 
voltammetry in CH2Cl2 solutions containing NBu4PF6 (0.2 M) as the supporting 
electrolyte.  
Two sequential monoelectronic oxidations, typifying the redox fingerprint of the 
analogous 44e− [{Pt3}L3-nXn](1-n)+ clusters,49 were observed also in the cyclic 
voltammograms of the palladium clusters described here. The former is reversible in the 
CV time scale, while the second oxidation is complicated by a subsequent chemical 
reaction in all but one case (cation 26+, see below). In the cathodic region, only one 
irreversible reduction is observed for several compounds. The formal electrode 
potentials for the observed electron transfers are summarized in Table 13, and the CV 
profiles of 21, 23+ and 26+ are shown in Figure 53. 
The neutral monohalide clusters 20-22 are oxidized at ca 0.40 and 0.85 V, only the first 
oxidation being reversible on the CV time scale (ipc/ipa = 1 at 0.2 V s−1) while the second 
one is complicated by a subsequent chemical reaction, which appears faster in the order 
22 ≅ 20 > 21. 
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Table 13. Formal electrode potentials (V vs SCE ) and peak-to-peak separations (mV) 
for the redox processes exhibited in CH2Cl2 solution by [{Pd3}L3-nXn]
(1-n)+ and, for 
comparison, by the corresponding platinum clusters [{Pt3}L3-nXn](1-n)+  (values in round 
brackets from reference  49).  
 
Compounds                           Oxidation processes                           Reduction processes 
                                  E°’              ΔEpa                E°’               ΔEpa                   E°’  
22 0.83b    (0.91) 90 (70) 0.41  (0.31) 76 (60) −1.84c,a   (−1.91)c 
20 0.90c,a  (0.88) (70) 0.41  (0.29) 80 (60) (−1.91)c 
21 0.85     (0.86) 74 (70) 0.38  (0.28) 70 (70) −1.73c,a   (−1.91)c 
23(PF6) 1.75c,a  (1.56c) / 1.14  (1.13) 64 (90) −1.27c,a   (−1.29)c 
26(PF6) 1.14     (0.82)d 65 (65)d 0.35  (0.26)d 65 (65)d / 
24(PF6) 1.50c,a / 0.79 70 −1.35c,a 
25(PF6) 1.54c,a / 0.80 80 −1.36c,a 
a Measured at 0.1 V s-1. b Coupled to relatively fast chemical reactions. c Peak potential 
value for irreversible processes.d  Unpublished results for [Pt3(µ-PBut2)3(CNBut)3]PF6. 
 
The two oxidations occur at higher potentials (+1.14 and +1.75 V) for the cationic 
tricarbonyl derivative (23)PF6, as expected for the presence of the positive charge and 
for the substitution of a σ-donor halide with a π-acid carbonyl ligand.  
The substitution of one of the CO ligands in 23+ with a good σ-donor as acetonitrile or 
pyridine makes easier the removal of either the first (0.79 for 24+ and 0.80 V for 25+) 
and the second electron (1.50 for 24+ and 1.54 V for 25+). Again, for either 23+, 24+ and 
25+, the first oxidation is reversible on the CV time scale (ipc/ipa = 1 at 0.2 V s-1) and the 
second oxidation is followed by fast chemical reactions. Moreover, cations 24+ and 25+ 
slowly decompose in CH2Cl2 solution and, on standing, redox processes attributable to 
decomposition products become evident in the CV profile.  
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Figure 53. Cyclic voltammograms recorded at a platinum electrode in CH2Cl2 solutions 
of (a) 21, (b) 26+, (c) 23+ ; using NBu4PF6 (0.2 M) as supporting electrolyte. Scan rates: 
0.2 V s−1.  
 
Finally the cationic cluster 26(PF6), with three good σ-donor and relatively poor π-acid 
isocyanide ligands, as well as its oxidation products, distinguish themselves for their 
remarkable stability. In spite of the positive charge, compared to all the clusters 
analyzed in this study, the removal of the first electron occurs at the lowest potential 
(+0.35 V). The potential of the second oxidation (+1.14 V) is lower than those of the 
other cations but is higher in comparison to those of the neutral derivatives 20-22. Both 
oxidation processes (among which 26+ exhibits the largest gap, 0.79 V) possess features 
of chemical reversibility in the CV time scale. †  
 
                                                
† 26(I) behaves as 26(PF6) showing two reversibile oxidations, but the first process is 
superimposed to the wave due to the oxidation of I−. 
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2.3.4 IR and UV-Vis spectroelectrochemical analysis on 22, 23(PF6) and 
26(PF6). 
Further investigations on the redox behavior of the trinuclear palladium clusters 
prepared during this Thesis, were made on the neutral {Pd3}I, (21) and on the 
monocationic derivatives [{Pd3}CO]PF6, 23(PF6) and [Pd3(µ-PBut2)3(CNBut)3]PF6, 
26(PF6), which are the most stable among all the trinuclear derivatives of palladium 
prepared up to now.  
The IR and UV-Vis spectroelectrochemical experiments were executed on CH2Cl2 
solutions of 21, 23(PF6) and 26(PF6), using NBu4PF6 (0.2 M) as the supporting 
electrolyte. As fully explained below, all their mono-oxidized products 21+, 232+ and 
262+, as well as the di-oxidized product of the isocyanide derivative, 263+, were 
characterized; the obtained data are summarized in Table 14. 
Table 14: IR and UV-Vis data of 21, 23+ and 26+ and theirs oxidation products. 
 21 21+ 23+ 232+ 26+ 262+ 263+ 
ν/cm-1 2049a 2089a,c 2079a 2115a 2164b 2188b 2212b 
λmax/nm 464 555c, 
592c, 643c 
441 521, 
555, 710 
421 524, 690 / 
a νCO, b νCN, c disappear after the end of the electrolysis. 
 
2.3.4.1 IR and UV-Vis spectroelectrochemical experiments on 21.  
Even though the first monoelectronic oxidation of 21 is reversible in the CV time scale, 
the lability of the electrogenerated species 21+ becomes evident in the longer times of 
the macroelectrolysis experiments (Ew = +0.5 V). The UV-Vis and IR 
spectroelectrochemical changes following the oxidation of 21 in correspondence of the 
first oxidation process show the presence of well-defined isosbestic points for the time 
required for the quasi complete oxidation of 21, suggesting the initial formation of a 
metastable cation 21+ that is then consumed by a subsequent reaction. As illustrated in 
Figure 54a, upon oxidation the CO stretching absorption exhibited by 21 at 2049 cm−1 
vanishes rapidly while a new absorption, assigned to 21+, grows at 2089 cm−1; this is 
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then slowly replaced (Figure 54b) by a band at 2079 cm−1, that can be assigned to the 
tricarbonyl cation 23+, and by an elusive band at 2097 cm−1, that we tentatively assign 
(Scheme 20) to a 42 e− cluster [Pd3(µ-PBut2)3(CO)I2]+, 27+. The latter may be formed, 
together with 23+, from a disproportionation reaction of the metastable oxidized species 
21+ accompanied by a CO/I− ligand exchange. As highlighted in Scheme 20, a linear 
upshift in the νCO of 9 cm−1 per removed electron is observed for the clusters 23+, 21+, 
27+ when the substitution of a neutral CO ligand with I− leaves unchanged the total 
charge of these compounds in spite of the oxidation. Unfortunately, the characterization 
of 27+ was prevented by its fast decomposition (Figure 54c), which proceeds by 
forming a further amount of 23+, the only carbonyl species detectable in solution after 
long times, and other unidentified non-carbonyl derivatives (the 31P{1H} NMR spectra 
of the final solution contain an intense singlet at 295.6 ppm, due to 23+, and several 
weak and unassigned singlets in the region between 0 and 200 ppm). 
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Scheme 20: Plausible decomposition mechanism of 21+. 
 
The UV-vis spectroelectrochemistry (Figure 55) agrees with this picture: the broad 
absorption at 464 nm observed in the original sample of 21 decreases during electrolysis 
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at +0.5 V, while three new bands at 555, 592 and 643 nm, assigned to 21+, keep 
growing; their intensity increases until cluster 21 has nearly disappeared at the end of 
current flow in the cell. The absorbance changes observed after this step confirm the 
decay of 21+: the three absorptions at 555, 592 and 643 nm are replaced by two bands at 
441 and 635 nm, the former of which is consistent with the formation of cluster 23+ 
while the second may be assigned to unidentified decomposition compounds. 
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Figure 54. : IR spectral changes recorded in an OTTLE cell (a) during and (b), (c) after 
the progressive one electron oxidation of 21 in CH2Cl2 (NBu4PF6 (0.2 M) as the 
supporting electrolyte). A reference spectrum, collected before the application of an 
oxidation potential, is used to calculate the differential absorbance spectra of (a). The 
final spectrum of (a) is used to calculate the differential absorbance spectra of (b) and 
(c).  
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Figure 55. UV-vis spectra of 21 in CH2Cl2 solution containing NBu4PF6 (0.2 M) as the 
supporting electrolyte recorded in an OTTLE cell (a) during and (b) after the stepwise 
one-electron oxidation. 
 
2.3.4.2 IR and UV-Vis spectroelectrochemical experiments on 23(PF6). 
IR and UV-vis in situ spectroelectrochemical experiments on CH2Cl2 solutions of 23+ 
allowed the characterization of the product of its monoelectronic oxidation 232+. Upon 
(a) (b) (c) 
(a) (b) 
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oxidation, the CO stretching vibration of 23+ at 2079 cm−1 is gradually replaced by a 
new absorption at 2115 cm-1 (Figure 56). On the timescale of the IR experiment, 
however, the oxidation is followed by a partial decomposition that did not allow the 
complete recovery of the starting compound in the backward reduction of 232+.  
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Figure 56. IR spectral changes recorded in an OTTLE cell during the progressive one-
electron oxidation of 23+ in CH2Cl2 solution, in the presence of NBu4PF6 (0.2 M) as the 
supporting electrolyte. A reference spectrum, collected before the application of an 
oxidation potential is used to calculate the differential absorbance spectra. 
 
In the UV-Vis experiments, the removal of one electron by 23+ produces a pattern of 
absorption bands in the visible region of the electronic spectrum (Figure 57). The 441 
nm band of the starting cluster is substituted, during the course of the 
spectroelectrochemical oxidation, by three new absorptions at 521, 555 and 710 nm.  
 
Figure 57. UV-vis spectra of 23+ in CH2Cl2 solution containing NBu4PF6 (0.2 M) as the 
supporting electrolyte recorded in an OTTLE cell during the stepwise one electron 
oxidation. 
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2.3.4.3 IR and UV-Vis experiments on 26(PF6). 
The IR spectroelectrochemical changes following the stepwise two-electron oxidation 
of cation 26+, shown in Figure 58, put in evidence the appearance of well-defined and 
withstanding isosbestic points confirming a remarkable stability of the oxidized clusters 
262+ and 263+. The νCN absorptions exhibit a linear upshift of 24 cm−1 per removed 
electron: the original absorption found at 2164 cm−1 in 26+ moves to 2188 cm−1 upon 
one electron oxidation (the same νCN absorption was found after chemical oxidation of 
26(I) with AgPF6, see paragraph 2.3.5), and to 2212 cm−1 after removal of the second 
electron. Quantitative restoration of the IR band of the starting 26+ was observed in the 
reverse potential cycle, which indicates the stability of all the oxidized species. 
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Figure 58. IR spectral changes recorded in an OTTLE cell during the first (a) and the 
second (b) monoelectronic oxidation of 26+ in CH2Cl2 solution; NBu4PF6 (0.2 M) as the 
supporting electrolyte. A reference spectrum, collected before the application of an 
oxidation potential, was used to calculate the differential absorbance spectra of (a). The 
final spectrum of (a) was used to calculate the differential absorbance spectra of (b). 
 
The step-wise oxidation of 26+ in a UV-Vis spectroelectrochemical experiment is 
shown in Figure 59. In the UV-Vis spectroelectrochemical experiments time scale, only 
the removal of the first electron gives rise to evident spectral changes: the disappearance 
of the 421 nm band due to 26+ is accompanied by the growth of an absorption at 524 nm 
together with a weak band at 690 nm.  
(a) (b) 
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Figure 59. UV-Vis spectra of 26+ in CH2Cl2 solution, containing NBu4PF6 (0.2 M) as 
the supporting electrolyte, recorded in an OTTLE cell during the stepwise one-electron 
oxidation.  
 
2.3.5 Chemical oxidation of [Pd3(µ-PBut2)3(CNBut)3]I, 26(I). 
The redox couple Ag+/Ag0 has a reduction potential of +1.11 V vs. SCE126 in CH2Cl2 
solution and it is able to oxidize cation 26+ (E°’ = 0.35 V vs. SCE) by one electron. As 
described above, the addition of a stoichiometric amount of AgPF6 to a dry CH2Cl2 
solution of 26(I) leads the methathesis product 26(PF6), without involving redox 
reactions. On the contrary, by adding 2-fold excess of AgPF6 to a dry CH2Cl2 solution 
of 26(I), we noticed that, in addition to the formation of an insoluble white salt (AgI) 
due to the counterion exchange, the initial orange solution turned to dark pink and a 
dark solid (Ago) precipitated out. After filtering off the insoluble solids, the solvent was 
evaporated and a dark pink solid, the mono-oxidized dicationic product 26(PF6)2, was 
isolated in nearly quantitative yield. The starting cluster 26(I) has 44e−, thus the removal 
of one electron leads to a paramagnetic 43e− cluster. This compound is soluble in polar 
and chlorinated organic solvents; it is air unstable both in the solid state (it decomposes 
in few hours) and in solution. Under inert atmosphere, it is stable in the solid state but it 
decomposes to unidentified products after a few days if in solution. The IR spectra on 
the solid state and on a CH2Cl2 solution of 26(PF6)2 were recorded; both show one 
absorption band, due to the CN stretching, shifted to higher frequencies compared to the 
monocationic 26(I), as a consequence of the increase of the total charge of the molecule 
600 700 800
690
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(νCN respectively at 2193 and 2188 cm-1). Identical data where found for the dicationic 
262+ obtained after electrolysis during the IR spectroelectrochemical experiments. Due 
to its paramagnetism, the 31P{1H} NMR (acetone-d6, 293K) spectrum do not show 
signals, and the 1H NMR (acetone-d6, 293K) spectrum contains only a very broad 
signal, due to the t-butyl protons at 16.00 ppm, shifted to a lower-field region in 
comparison to its precursor. 
 
2.3.6 Conclusions and future works. 
In conclusion, during my Thesis, new tris-phosphido bridged palladium clusters of 
general formula Pd3(µ-PBut2)3(CO)2X [X = Cl, Br, I] and [Pd3(µ-PBut2)3(L)2L’]+ (L = 
CO, L’ = CO, MeCN, Py; L = L’ = CNBut) were prepared and fully characterized. The 
results obtained up to now are promising for our purposes; in fact, the synthesized 
derivatives have a stable inner Pd3P3 core and three the reactive positions, mutually 
directed at 120°. These features may allow to use these clusters as synthons for 
macromolecular compounds with expected final structures, in which the different units 
may be connected by appropriate bifunctional spacers, such as N-, S- or alkynyl ligands. 
Before planning the synthesis of compounds containing more than one cluster units, 
further investigations about the reactivity and the stability of the trinuclear palladium 
clusters will be necessary. Currently, we are attempting the preparation of sulfide and 
alkynyl derivatives. For example, we reacted the halide derivatives 20-22 with a 
stoichiometric amount or with an excess of a thiol (1-butanethiol, thiophenol) in 
diethylamine (Scheme 21); the latter was employed because it is able to deprotonate the 
thiol and capture halide, forming the NH2Et2X ammonium salt. The synthesis of an 
alkynyl derivative we attempted by reacting between terminal alkynes 21 or 22, under 
Sonogashira-type conditions (Scheme 21). Until now, the desired products have been 
obtained only in very low yields, and the improvement of the synthetic protocols is 
under investigation. 
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Scheme 21. Plausible synthetic methods of sulfide and alkynyl derivatives of the {Pd3} 
unit. 
 
Furthermore, the electrochemical and spectroelectrochemical studies have shown an 
interesting redox behavior of the trinuclear derivatives and in particular of the 
monocationic isocyanide derivative, 26+, which undergoes two reversible oxidation 
processes (among which the first occurs at low potential value) and whose oxidation 
products are remarkably stable. Thus, it will be interesting to prepare “polycluster” 
assemblies in which the Pd3(µ-PBut2)3 units are linked by bis-isocyanide ligands and to 
study their redox behavior.  
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3 Conclusion. 
 
The studies carried out in this Thesis are part of a research project addressed to apply 
the knowledge of the fundamental reactivity of molecular clusters to their utilization as 
synthons for organometallic and macromolecular synthesis, an issue up to now poorly 
developed but with considerable potential in the chemistry of new materials. In this 
framework, we have recently shown that the tri- and hexanuclear clusters [Pt3(µ-
PBut2)3(CO)3](CF3SO3), 2(CF3SO3), and [Pt6(µ-PBut2)4(CO)6](CF3SO3)2, 3(CF3SO3)2, 
can be functionalized with a great variety of ligands which occupy three coplanar 
positions, mutually directed at 120°, in functional derivatives of 2(CF3SO3), or two 
colinear positions, mutually directed at 180°, in functional derivatives of 3(CF3SO3)2. 
The functionalization leaves unchanged the central core of the starting cluster due to the 
presence of sterically encumbering di-t-butylphosphides, which grants a high thermal 
stability and a chemical inertness of the internal core (Figure 60).  
 
 
 
 
Figure 60. Reactive positions in a) [Pt3(µ-PBut2)3(CO)3](CF3SO3), 2(CF3SO3) and b) 
[Pt6(µ-PBut2)4(CO)6](CF3SO3)2, 3(CF3SO3)2; counterions are omitted for clarity. 
 
Thanks to these remarkable features and starting from the knowledge acquired during 
the last years about the general reactivity of the precursors, well-tested synthetic 
protocols had been settled affording linear or branched oligomers containing {Pt3} units 
as stoppers or up to 16 {Pt6} units embedded in the main chain and connected by bis-
alkynyl spacers −CC−Ar−CC−, in which the Ar group may be selected in a broad 
library of aromatic fragments (phenyls, biphenyls, anthranyls, thienyls or polythienyls, 
ferrocenyls or diferrocenyls).  
The targets we set for this work were to find new synthetic procedures for similar 
oligomers and models by changing the structure of either the spacer or the cluster units. 
a) b) 
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Moreover, since we were particularly interested in the construction of structures with 
conductive features, we were interested in achieving information on the electron 
delocalization within the new structures.  Along these lines we have prepared and fully 
characterized dicationic model compounds containing two hexanuclear units 
[{Pt6}(H)]2(µ-Y)(CF3SO3)2 [9(CF3SO3)2, Y = 4,4′-bipyridine; 10(CF3SO3)2, Y = 1,4-
dicyanobenzene]. Preliminary cyclovoltammetric analysis on these compounds 
evidenced the presence of an higher number of reduction processes than in the reference 
compounds containing a “single” hexanuclear cluster. Although this may suggest a 
possible electronic communication, an unambiguous interpretation of the results is made 
difficult by the presence of the redox active organic spacers; the IR 
spectroelectrochemical analysis of 9(CF3SO3)2 and 10(CF3SO3)2 allowed the 
characterization of their reduction products but not a clear evaluation about the presence 
of electronic communication between the two clusters.  
The reaction of [60]fullerene with N-octylglycine and the alkynyl derivative 
[{Pt3}CCC6H4CHO] (13) or [{Pt6}(CCC6H4CHO)2] (17) afforded, respectively, the 
neutral compounds [{Pt3}CCC6H4C2H3N(C8H17)C60] (16) or 
[{Pt6}(CCC6H4C2H3N(C8H17)C60)2] (18), in which the cluster units are coordinated to 
one or two C60 molecules. Preliminary cyclovoltammetric and spectroelectrochemical 
(IR, UV-Vis and NIR) analyses on 16, much easier to handle than 18, and on its 
precursor 13, show that in 16 an electron transfer is probably absent; in fact, for 
example, its CV profile is similar to the one of its precursor 13 and the CO stretching 
absorptions remain unchanged during its stepwise reduction, which involves only the 
fullerene unit.  
Finally, we prepared and fully characterized the 44 e− tris-phosphido bridged palladium 
triangular clusters, Pd3(µ-PBut2)3(CO)2X [(20), X = Br; (21), X = I] by reacting the 
dinuclear complex [Pd(PBut2H)(µ-PBut2)]2, (19) with NBu4X (X = Br, I) under 1 
atmosphere of CO. Furthermore, starting from the iodo-derivative 21, which is more 
stable than 20, we prepared the monocationic derivatives, [Pd3(µ-PBut2)3(L)2L’]+ [L = 
CO, L’ = CO (23+), MeCN (24+), Py (25+); L = L’ = CNBut (26+)], arising from the 
substitution of only the iodide ligand or of all the three terminal ligands; [Pd3(µ-
PBut2)3(CO)2Cl], (22) was prepared by reacting cation 23+ with PPNCl. The strict 
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similarity of these derivatives to the trinuclear platinum clusters described previously, 
suggest that they also will be useful as synthons for ordered macromolecular structures. 
Electrochemical studies performed on the palladium derivatives have shown that all 
these compounds undergo two oxidation processes and in some case also a reduction 
process. Moreover, the oxidation products of 21, 23+ and 26+ were characterized by 
spectroelectrochemical (IR, UV-Vis) analysis and the mono-oxidized product [Pd3(µ-
PBut2)3(CNBut)3]2+, (262+), was also obtained by chemical oxidation of 26+ with a 
stoichiometric amount of an Ag+ salt. 
The work performed up to now may be the starting point for new studies; from the 
synthetic point of view, we demonstrated that it is possible to prepare systems 
containing two hexanuclear platinum clusters or containing the tri- and hexanuclear 
clusters and, respectively, one or two fullerene units, connected by organic spacers, and 
that these compounds are stable during electrochemical and spectroelectrochemical 
analysis. It will be interesting to enhance the knowledge of the properties of these 
systems with further electrochemical analysis and with theoretical studies, focalized on 
the study of the symmetry and energy of the molecular orbitals in both the ground and 
excited states, which is fundamental for the evaluation of intramolecular charge 
delocalization. 
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4 Experimental part 
 
4.1 General remarks. 
All operations were carried out using standard Schlenk-tube technique, under an 
atmosphere of prepurified nitrogen. The reaction vessels were oven dried at 150 °C 
prior to use. 
 
4.2 Solvents and reagents. 
Commercial grade solvents were purified by employing conventional procedures,127 
distilled as explained below and stored over activated molecular sieves under nitrogen 
atmosphere prior to their use. 
• Acetonitrile (Carlo Erba, RPE) and pyridine (J. T. Baker) were dried by 
refluxing for 12 hours over CaH2 and then distilled. 
• Acetone (Carlo Erba, RPE) was dried by refluxing for 12 hours over Na2CO3 
and then distilled. 
• Dichloromethane (Carlo Erba, RPE) was dried by refluxing for 12 hours over 
P2O5 and then distilled. 
• Diethyl Ether (Carlo Erba, RPE) and THF (Carlo Erba, RPE) were refluxed over 
Na/K for 12 hours, transferred by distillation over LiAlH4, refluxed for further 
12 hours and finally distilled.  
• n-Hexane (Carlo Erba, RPE), n-pentane (Carlo Erba, RPE) and toluene (Carlo 
Erba, RPE) were dried by refluxing for 12 hours over Na/K and then distilled. 
• Triethylamine (Merck) was dried by refluxing for 12 hours over Ca(OH)2 and 
then distilled. 
Chlorobenzene (Sigma Aldrich), ethyl acetate (Carlo Erba, RPE) and ethanol (Fluka) 
were used without further purification. 
The following reagents were commercially available and used without further 
purification: 
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• CuI (Alfa Aesar). 
• TlPF6 (Apollo Scientific). 
• CO (Rivoira). 
• C60 (14) (MER Corporation). 
• NBu4PF6 (Fluka) 
• 4-ethynyl-benzaldehyde (12), 4,4′-bipyridine (7), 1,4-dicyanobenzene (8), 
CF3SO3H, NBu4Br, NBu4I, AgCF3SO3, AgPF6, [(PPh3)2N]Cl, CNBut  (Sigma 
Aldrich). 
The following reagents were prepared according to the literature: {Pt3}Cl (11),55 
{Pt6}Cl2 (4),55 {Pt6}H2 (5),53 decamethylferrocene,128 N-octylglycine (15),129 
[Pd(PBut2H)(µ-PBut2)]2, (19). 121 
 
4.3 Analytical and physico-chemical measurements. 
Infrared spectra were recorded on a Perkin-Elmer Spectrum 100 FT-IR or with a Perkin 
Elmer Spectrum one FT-IR spectrometer equipped with a UATR sampling accessory. 
UV-VIS spectra were recorded on a Perkin Elmer Lamba EZ201 spectrophotometer. 
UV-Vis-NIR spectra were recorded on a Cary 500 Scan Varian spectrophotometer. 
NMR spectra were recorded on a Varian Gemini 200 BB instrument; frequencies are 
referred to the residual resonances of the deuterated solvent (1H, 13C), 85% H3PO4 (31P) 
and H2PtCl6 (195Pt). For spectral interpretation the symbols used are: s = singlet, bs = 
broad singlet, d = doublet, t = triplet, vt = virtual triplet, hept = heptet, m = multiplet, 
Pttetr = inner platinum atoms and Ptap = apical platinum centres. 
Mass spectra were recorded on an Applied Biosystem-MDS Sciex API 4000 triple 
quadrupole mass spectrometer equipped with HPLC Perkin Elmer Serie 200 Micro 
system. 
Single crystal X-ray diffraction experiments were performed either with a Bruker P4 
diffractometer or with a Bruker Smart Breeze CCD diffractometer, both operating with 
a graphite-monochromated Mo-Kα radiation. 
 105 
Electrochemical measurements were recorded on a Princeton Applied Research (PAR) 
273A Potentiostat/Galvanostat and were performed in dichloromethane solutions 
containing NBu4PF6 (0.2 M) as the supporting electrolyte. Cyclic voltammetry was 
performed in a three-electrode cell, having a platinum reference electrode, a platinum-
spiral counter electrode and a platinum-disc working electrode, and containing a 5.10−4 
M analyte solution. After recording a sufficient number of voltammograms, a small 
amount of decamethylferrocene was added to the solution and a further voltammogram 
was recorded. Compounds’ potential values were determined placing the redox couple 
decamethylferrocenium/decamethylferrocene [Eredox calculated as (Epc + Epa)/2] at −0.16 
V vs SCE. Controlled potential coulometry was performed in an H-shaped cell with 
anodic and cathodic compartments separated by a sintered-glass disk. The working 
macroelectrode was a platinum gauze; a platinum-spiral was used as the counter 
electrode. UV-Vis, UV-Vis-NIR and infrared (IR) spectroelectrochemical 
measurements were carried out using an optically transparent thin-layer electrochemical 
(OTTLE) cell equipped with CaF2 windows, platinum minigrid working and auxiliary 
electrodes and silver wire pseudoreference electrode.130 Controlled-potential electrolysis 
were carried out with a BAS CV-27 electrochemical analyser. Argon-saturated CH2Cl2 
solutions of the compounds (10-3 M or 10-2 M for UV-Vis or IR analysis, respectively) 
under study, containing NBu4PF6 0.2 M as the supporting electrolyte, were used. The in 
situ spectroelectrochemistry has been performed by collecting spectra during the 
stepwise reduction or oxidation.  
 
4.4 Experimental procedures. 
4.4.1 Preparation of {Pt6}(H)(OSO2CF3) (6). 
CF3SO3H (10 µL, 0.11 mmol) was added to a solution of {Pt6}H2 (5) (135 mg, 0.080 
mmol) in 5 mL of Et2O. The red solution was stirred for 1 hour. During this period, a 
red solid precipitated out. Subsequently, the precipitate was filtered off, washed with 
Et2O (3 x 3 mL) and dried under vacuum. 117 mg of {Pt6}(H)(OSO2CF3) (6) (0.058 
mmol, yield 73%) were obtained as red solid. 
1H NMR (CD2Cl2, 293K): δ (ppm) = 1.50 (vt, 3JH-P + 5JH-P = 7.6 Hz, PBut, 36 H); 1.37 
(vt, 3JH-P + 5JH-P = 7.3 Hz, PBut, 36 H); -0.27 (bs, 1JH-Pt = 1154 Hz, H-Pt, 1 H). 
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31P{1H} NMR (CD2Cl2, 293K): δ (ppm) = 352.2 (s, 2 P); 320.8 (s, 2 P). 
IR (solid state): ν (cm-1) = 2006 (C≡O); 1322, 1228, 1169, 999 (CF3SO3). 
UV-Vis (CH2Cl2, 293K): λ (nm) = 445, 304. 
Elemental analysis: Calculated for C37H73F3O7P4Pt6S: C 22.1%; H 3.65%. Found C 
21.9%; H 3.71%. 
 
4.4.2 Preparation of [{Pt6}(H)]2(µ-Y)(CF3SO3)2 [9(CF3SO3)2, Y = 4,4′-
bipyridine; 10(CF3SO3)2, Y = 1,4-dicyanobenzene]. 
4.4.2.1 General procedure. 
{Pt6}(H)(OSO2CF3) (6) and the appropriate ligand, in 2:1 ratio, were dissolved in 2 ml 
of CH2Cl2. The solution was stirred for 2 hours at room temperature. After this period, 
the solvent was evaporated. The obtained brown solid was dissolved in 2 mL of acetone 
and a red solid (the unreacted 6) precipitated out. This solid was filtered off. Removal of 
the solvent under vacuum gave the desired product.  
 
4.4.2.2 Preparation of [{Pt6}(H)]2(µ-NC5H4-C5H4N)(CF3SO3)2, 9(CF3SO3)2. 
Used reagents: {Pt6}(H)(OSO2CF3) (6) (18 mg, 8.94•10-3 mmol); 4,4′-bipyridine (7) 
(0.69 mg, 4.47•10-3 mmol).  
Product: brown solid, 22 mg (5.72•10-3 mmoli), yield 64%. 
1H NMR (Acetone-d6, 293K): δ (ppm) = 9.68 (d, 3JH-H = 5.3 Hz, NC5H4-C5H4N, 4 H); 
8.67 (d, 3JH-H = 5.3 Hz, NC5H4-C5H4N, 4 H); 1.50 (vt, 3JH-P + 5JH-P = 7.3 Hz, PBut, 72 
H), 1.45 (vt, 3JH-P + 5JH-P = 7.3 Hz, PBut, 72 H); -0.37 (bs, 1JH-Pt = 1209 Hz, H-Pt, 2 H). 
13C{1H} NMR (Acetone-d6, 293K): δ (ppm) = 204.1 (s, Pt-CO); 156.8, 146.5, 126.3 (s, 
NC5H4-C5H4N); 45.4 (m, PC-CH3); 32.1 (s, PC-CH3). 
31P{1H} NMR (Acetone-d6, 293K): δ (ppm) = 356.6 (s, 4 P); 316.2 (s, 4 P). 
195Pt{1H} NMR (Acetone-d6, 293K): δ (ppm) = -2953 (m, 4 Pttetr); -3327 (m, 4 Pttetr); -
4361 (m, 2 Ptap); -5080 (m, 2 Ptap). 
IR (solid state): ν (cm-1) = 2024, 2005 (C≡O); 1259, 1171, 1029 (CF3SO3). 
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UV-Vis (CH2Cl2, 293K): λ (nm) = 447, 304. 
Elemental analysis: Calculated for C84H154F6N2O14P8Pt12S2: C 24.2%; H 3.71%; N 
0.67%. Found C 24.7%; H 3.78%; N 0.65%. 
 
4.4.2.3 Preparation of [{Pt6}(H)]2(µ-NC-C6H4-CN)(CF3SO3)2, 10(CF3SO3)2.  
Used reagents: {Pt6}(H)(OSO2CF3) (6) (31 mg, 0.015 mmol); 1,4-dicyanobenzene (8) 
(0.98 mg, 7.70•10-3 mmol).  
Product: brown solid, 40 mg (0.01 mmol), yield 67%. 
1H NMR(Acetone-d6, 293K): δ (ppm) = 8.54 (s, C6H4, 4 H); 1.58 (vt, 3JP-H + 5JP-H = 7.6 
Hz, PBut, 72 H); 1.43 (vt, 3JP-H + 5JP-H = 7.1 Hz, PBut, 72 H); -0.52 (bs, 1JH-Pt = 1148 
Hz, H-Pt, 2 H). 
13C{1H} NMR (Acetone-d6, 293K): δ (ppm) = 204.2 (s, Pt-CO); 135.2 (s, CH of NC-
C6H4-CN); 117.0 (s, NC-C6H4-CN) 116.5 (s, quaternary C of NC-C6H4-CN); 44.3 (m, 
PC-CH3); 31.9 (s, PC-CH3). 
31P{1H} NMR (Acetone-d6, 293K): δ (ppm) = 362.6 (s, 4 P); 334.5 (s, 4 P). 
195Pt{1H} NMR (Acetone-d6, 293K): δ (ppm) = -2971 (m, 4 Pttetr ); 3413 (m, 4 Pttetr); -
4431 (m, 2 Ptap); -5066 (m, 2 Ptap). 
IR (solid state): ν (cm-1) = 2166 (C≡N); 2022, 2000 (C≡O); 1258, 1172, 1030 (CF3SO3). 
UV-Vis (CH2Cl2, 293K): λ (nm) = 443, 302. 
Elemental analysis: Calculated for C82H150F6N2O14P8Pt12S2: C 23.7%; H 3.64%; N 
0.67%. Found C 23.4%; H 3.61%; N 0.69%. 
 
4.4.3 Preparation of [{Pt3}CCC6H4CHO] (13). 
To a stirred solution of 11 (100 mg, 0.089 mmol) in NEt3 (20 mL), 4-ethynyl-
benzaldehyde (12 mg, 0.092 mmol) and CuI (0.017 mg, 0.089•10-3 mmol) were added. 
The brown solution was stirred at room temperature for 24 hours and after this period 
the solvent was evaporated under vacuum. Then, toluene was added to the crude 
product in order to separate the final product from the insoluble salt (NEt3HCl) formed 
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during the reaction. The compound 13 was obtained as brown microcrystalline solid 
after solvent evaporation (89 mg, 0.074 mmol, yield 83%). 
1H NMR (C6D6, 293K): δ (ppm) = 9.69 (s, COH, 1 H); 7.76 (d, 3JH-H = 8.0 Hz, C6H4, 2 
H); 7.46 (d, 3JH-H = 8.0 Hz, C6H4, 2 H); 1.47 (vt, 3JH-P + 5JH-P = 7.6 Hz, CCH3, 36 H); 
1.19 (d, 3JH-P = 15.2 Hz, CCH3, 18 H).  
13C{1H} NMR (C6D6, 293K): δ (ppm) = 190.4 (s, C-COH); 175.5 (s, Pt-CO); 136.0, 
133.7, 131.2, 129.9, 128.3 (s, C6H4); 124.6 (Pt- C≡C); 95.7 (s, Pt-C≡C); 39.2, 38.9 (s, 
PC-CH3); 33.6, 33.4 (s, PC-CH3).  
31P{1H} NMR (C6D6, 293K): δ (ppm) = 164.8 (d, 2JP-P = 128.0 Hz, 2 P); 98.4 (t, 2JP-P = 
128.0 Hz, 1 P). 
195Pt{1H} NMR (C6D6, 293K): δ (ppm) = -5715 (m, 2 Pt); -6089 (m, 1 Pt).  
IR (CH2Cl2): ν cm-1 = 2097 (C≡C); 2024, 2035 (C≡O); 1683 (C=O); 1589, 1552 (C=C).  
Elemental analysis: Anal. calcd for C35H59O3P3Pt3: C, 34.9%; H, 4.93%. Found: C, 
34.7%; H, 4.90%. 
 
4.4.4 Preparation of [{Pt3}CCC6H4C2H3N(C8H17)C60] (16). 
Complex 13 (50 mg, 0.041 mmol) and N-octylglycine (23 mg, 0.12 mmol) were added 
to a solution of C60 (30 mg, 0.041 mmol) in chlorobenzene (15 mL). The mixture was 
heated under reflux for 9 hours. After evaporation of the solvent under vacuum, the 
residue was washed with water (5 mL), ethanol (5 mL) and purified by column 
chromatography on silica gel (ethyl acetate : n-hexane = 2 : 1 as eluent). The final 
product 16 was obtained as brown solid (37 mg, 0.018 mmol, yield 43%). 
1H NMR (CDCl3, 293K): δ (ppm) = 7.61 (d, 3JH-H = 8.1 Hz, C6H4, 2 H); 7.32 (d, 3JH-H = 
8.1 Hz, C6H4, 2 H); 5.12 (d, J = 9.2 Hz, NCH2CC60, 1 H); 5.02 (s, NCHCC60, 1 H); 4.13 
(d, J = 9.2 Hz, NCH2CC60, 1 H); 3.40-3.18 (m, NCH2-CH2, 2 H); 2.56 (m, NCH2-CH2, 
2 H); 2.12-1.60 (m, NC2H4-C5H10-CH3, 10 H); 1.41 (vt, 3JH-P + 5JH-P = 7.1 Hz, CCH3, 36 
H); 1.33 (d, 3JH-P = 14.3 Hz, CCH3, 18 H); 0.97 (m, NC7H14-CH3, 3 H).  
13C{1H} NMR (CDCl3, 293K): δ (ppm) = 175.2 (s, Pt-CO); 156.83, 154.54, 154.02, 
153.95, 147.31, 147.07, 146.63, 146.32, 146.19, 145.92, 145.54, 145.28, 144.76, 
144.47, 144.42, 143.15, 142.98, 142.56, 142.40, 142.16, 141.66, 141.58, 140.15, 
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140.08, 139.93, 136.85, 136.72, 135.79 (C60); 133.76, 131.39, 129.52, 129.38 (s, C6H4); 
121.13 (Pt- C≡C); 82.80 (s, Pt-C≡C); 69.06, 66.87 (s, CH-N-CH2); 53.08 (s, NCH2-
C7H15); 38.93 (s, PC-CH3); 33.51 (s, PC-CH3); 32.03, 29.79, 29.42, 28.41, 27.56, 22.79, 
14.27 (s, NCH2-C7H15).  
31P{1H} NMR (CDCl3, 293K): δ (ppm) = 163.2 (d, 2JP-P = 127.4 Hz, 2 P); 99.1 (t, 2JP-P = 
127.4 Hz, 1 P). 
195Pt{1H} NMR (CDCl3, 293K): δ (ppm) = -5727 (m, 2 Pt); -6068 (m, 1 Pt).  
IR (solid state): ν cm-1 = 2017 (C≡O). 
IR (CH2Cl2): ν cm-1 = 2102 (C≡C); 2024 (C≡O); 1602 (C=C).  
FIA-MS: m/z = calcd for C104H78NO2P3Pt3 [M]+: 2051.8 amu. Found: 2052.7 amu. 
Elemental analysis: Anal. calcd for C104H78NO2P3Pt3: C, 60.9%; H, 3.83%. Found: C, 
60.3%; H, 3.85%. 
 
4.4.5 Preparation of [{Pt6}(CCC6H4CHO)2] (17). 
4-ethynyl-benzaldehyde (11.4 mg, 0.088 mmol) and CuI (0.0167 mg, 0.088 x 10-3 
mmol) were added to a solution of complex 4 (85 mg, 0.044 mmol) in NEt3 (20 mL). 
The brown solution was stirred at room temperature for 24 hours. Then, the solvent was 
evaporated under vacuum. The salt formed during the reaction was removed by 
filtration after dissolving 17 in toluene. 78 mg of 17 (0.038 mmol, yield 86%) as dark 
orange solid were obtained.  
1H NMR (C6D6, 293K): δ (ppm) = 9.66 (s, COH, 2 H); 7.59 (d, 3JH-H = 7.5 Hz, C6H4, 4 
H); 7.53 (d, 3JH-H = 7.5 Hz, C6H4, 4 H); 1.48 (vt, 3JH-P + 5JH-P = 7.1 Hz, PBut, 72 H).  
13C{1H} NMR (C6D6, 293K): δ (ppm) = 217.2 (s, Pt-CO); 190.3 (s, C-COH); 133.7, 
130.9, 129.7, 129.1 (s, C6H4); 124.1 (Pt- C≡C); 94.8 (s, Pt-C≡C); 39.2, 44.0 (m, P-C-
CH3); 31.3 (s, PC-CH3).  
31P{1H} NMR (C6D6, 293K): δ (ppm) = 336.2 (s, 4 P).  
195Pt{1H} NMR (C6D6, 293K): δ (ppm) = -2998 (m, 4 Pttetr); - 4664 (m, 2 Ptap).  
IR (solid state): ν cm-1 = 2101 (C≡C); 2010 (C≡O); 1693 (C=O); 1591, 1552 (C=C). 
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Elemental analysis: Anal. calcd for C54H82O6P4Pt6: C, 30.6%; H, 3.89%. Found: C, 
31.2%; H, 3.85%. 
 
4.4.6 Preparation of [{Pt6}{CCC6H4C2H3N(C8H17)C60}2] (18). 
To a solution of C60 (30 mg, 0.042 mmol) in chlorobenzene (15 mL), 45 mg of 17 
(0.021 mmol) and 24 mg of N-octylglycine (0.13 mmol) were added. The reaction 
mixture was heated under reflux for 9 hours. After this period the solvent was 
evaporated under vacuum. The crude product was washed with water (5 mL), ethanol (5 
mL) and purified by column chromatography, using the solvents mixture toluene : 
CH2Cl2 = 1:5 as eluent. 18 was obtained as brown solid (31 mg, 0.008 mmol, yield 
39%).  
1H NMR (CDCl3, 293K): δ (ppm) = 7.62 (d, 3JH-H = 8.3 Hz, C6H4, 4 H); 7.31 (d, 3JH-H = 
8.3 Hz, C6H4, 4 H); 5.09 (d, J = 9.5 Hz, NCH2CC60, 2 H); 5.00 (s, NCHCC60, 2 H); 4.10 
(d, J = 9.5 Hz, NCH2CC60, 2 H); 3.78-3.62 (m, NCH2-CH2, 4 H); 2.52 (m, NCH2-CH2, 
4 H); 2.13-1.74 (m, NC2H4-C5H10-CH3, 20 H); 1.49 (vt, 3JH-P + 5JH-P = 6.5 Hz, PBut, 72 
H); 0.93 (m, NC7H14-CH3, 6 H).  
31P{1H} NMR (CDCl3, 293K): δ (ppm) = 336.0 (s, 4 P). 
Elemental analysis: Anal. calcd for C192H120N2O4P4Pt6: C, 60.5%; H, 3.17%. Found: 
C, 59.5%; H, 3.24%. 
 
4.4.7 Preparation of {Pd3}Br (20). 
NBu4Br (39 mg, 0.12 mmol) and [Pd(PBut2H)(µ-PBut2)]2, (19) (145 mg, 0.18 mmol) 
were suspended in toluene (10 mL) under 1 atm of carbon monoxide. The suspension 
was stirred for 3 days at 100 °C. The solid residue was filtered off and the remaining red 
solution was evaporated under vacumm. The residue was purified by column 
chromatography on neutral alumina (hexane-acetone 20:1 as eluent). Complex 20 was 
obtained as red solid (67 mg, 0.076 mmol, yield 63%).  
1H NMR (C6D6, 293K): δ (ppm) = 1.47 (vt, 3JH-P + 5JH-P = 7.1 Hz, CCH3, 36 H); 1.13 
(d, 3JH-P = 14.6 Hz, CCH3, 18 H).  
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13C{1H} NMR (C6D6, 293K): δ (ppm) = 188.6 (s, Pd-CO); 40.8, 38.9 (s, PC-CH3); 33.3, 
29.9 (s, PC-CH3).  
31P{1H} NMR (C6D6, 293K): δ (ppm) = 282.7 (d, 2JP-P = 115.8 Hz, 2 P); 206.4 (t, 2JP-P = 
115.8 Hz, 1 P).  
IR (solid state): ν cm-1 = 2040 (C≡O) cm−1.  
Elemental analysis: Anal. calcd for C26H54O2P3Pd3Br: C, 35.1%; H, 6.11%. Found: C, 
34.9%; H, 6.13%. 
 
4.4.8 Preparation of {Pd3}I (21). 
NBu4I (51 mg, 0.139 mmol) and complex 19 (166 mg, 0.208 mmol) were suspended in 
toluene (15 mL) under 1 atm of carbon monoxide. The suspension was stirred for 3 days 
at 100 °C. The solid residue was filtered off and the remaining red solution was 
evaporated. The residue was purified by column chromatography on neutral alumina 
(hexane-acetone 20:1), achieving 21 as red solid (110 mg, 0.118 mmol, yield 85%).  
1H NMR (C6D6, 293K): δ (ppm) = 1.50 (vt, 3JH-P + 5JH-P = 7.0 Hz, CCH3, 36 H); 1.13 
(d, 3JH-P = 14.5 Hz, CCH3, 18 H).  
13C{1H} NMR (C6D6, 293K): δ (ppm) = 188.4 (s, Pd-CO); 41.1, 39.1 (s, PC-CH3); 34.2, 
33.3 (s, PC-CH3).  
31P{1H} NMR (C6D6, 293K): δ (ppm) = 292.5 (d, 2JP-P = 116.4 Hz, 2 P); 213.4 (t, 2JP-P = 
116.4 Hz, 1 P).  
IR (CH2Cl2): ν cm-1 = 2049 (C≡O) cm−1. 
IR (solid state): ν cm-1 = 2034 C≡O) cm−1.  
Elemental analysis: Anal. calcd for C26H54O2P3Pd3I: C, 33.3%; H, 5.80%. Found: C, 
33.1%; H, 5.85%. 
 
4.4.9 Preparation of [{Pd3}(CO)]PF6, 23(PF6). 
TlPF6 (67 mg, 0.19 mmol) was added to a solution of 21 (90 mg, 0.096 mmol) in 25 mL 
of THF. The red solution was stirred overnight under 1 atm of carbon monoxide. TlI 
was filtered off and the solvent was evaporated. The crude residue was washed with 
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hexane and vacuum-dried. 73 mg of 23(PF6) (0.074 mmol) were obtained as a reddish 
solid, yield 77%.  
1H NMR (acetone-d6, 293K): δ (ppm) = 1.42 (vt, 3JH-P + 5JH-P = 7.5 Hz, CCH3, 54 H). 
13C{1H} NMR (acetone-d6, 293K): δ (ppm) = 185.8 (s, Pd-CO); 42.4 (s, PC-CH3); 33.5 
(s, PC-CH3).  
31P{1H} NMR (acetone-d6, 293K): δ (ppm) = 295.6 (s, 3 P); −142.2 (hept, 1JP-F = 707.9 
Hz, PF6, 1 P).  
IR (CH2Cl2): ν cm-1 = 2079 (C≡O) cm−1 
IR (solid state): ν cm-1 = 2094, 2053 (C≡O) cm−1.  
Elemental analysis: Anal. calcd for C27H54F6O3P4Pd3: C, 33.0%; H, 5.53%. Found: C, 
32.8%; H, 5.49%. 
 
4.4.10 Preparation of {Pd3}Cl, (22). 
[(PPh3)2N]Cl (40 mg, 0.070 mmol) was added to a red solution of 23(PF6) (69 mg, 
0.070 mmol) in 5 mL of dry acetone and the mixture was stirred for 1 hour at room 
temperature. After this period, the solvent was evaporated and the residue was dissolved 
in 5 mL of n-pentane. A colourless solid was filtered off and 22 was collected as a red 
solid after solvent evaporation (46 mg, 0.054 mmol, yield 77%).  
1H NMR (C6D6, 293K): δ (ppm) = 1.46 (vt, 3JH-P + 5JH-P = 7.1 Hz, CCH3, 36 H); 1.12 
(d, 3JH-P = 14.6 Hz, CCH3, 18 H).  
13C{1H} NMR (C6D6, 293K): δ (ppm) = 188.4 (s, Pd-CO); 40.6, 38.9 (s, PC-CH3); 33.3, 
32.9 (s, PC-CH3).  
31P{1H} NMR (C6D6, 293K): δ (ppm) = 277.4 (d, 2JP-P = 115.4 Hz, 2 P); 204.8 (t, 2JP-P = 
115.4 Hz, 1 P).  
IR (solid state): ν cm-1 = 2038 (C≡O) cm−1.  
Elemental analysis: Anal. calcd for C26H54O2P3Pd3Cl: C, 36.9%; H, 6.43%. Found: C, 
37.2%; H, 6.39%. 
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4.4.11 Preparation of [Pd3(µ-PBut2)3(CNBut)3]I, 26(I). 
CNBut (32 µL, 0.288 mmol) and complex 21 (90 mg, 0.096 mmol) were dissolved in 5 
mL of toluene. Immediately an orange solid precipitated out. The mixture was stirred 
for further 1 hour and the orange solid was filtered, washed with toluene (3 x 5 mL) and 
vacumm-dried (94 mg, 0.083 mmol, yield 87%).  
1H NMR (acetone-d6, 293K): δ (ppm) = 1.32 (vt, 3JH-P + 5JH-P = 7.0 Hz, PCCH3, 54 H); 
1.72 (s, CNCCH3, 27 H). 
13C{1H} NMR (acetone-d6, 293K): δ (ppm) = 137.4 (s, Pd-CN); 59.9 (s, NC-CH3); 40.0 
(s, PC-CH3); 34.0 (s, PC-CH3); 30.5 (s, NC-CH3).  
31P{1H} NMR (acetone-d6, 293K): δ (ppm) = 257.2 (s, 3 P).  
IR (CH2Cl2): ν cm-1 = 2164 (C≡N) cm−1. 
IR (solid state): ν cm-1 =2156 (C≡N) cm−1.  
Elemental analysis: Anal. calcd for C39H81N3P3Pd3I: C, 41.4%; H, 7.22%; N, 3,71%. 
Found: C, 41.2%; H, 7.25%; N, 3.69%. 
 
4.4.12 Preparation of [Pd3(µ-PBut2)3(CNBut)3]PF6, 26(PF6). 
AgPF6 (11 mg, 0.044 mmol) was added to a solution of 26(I) (50 mg, 0.044 mmol) in 
CH2Cl2 (3 mL) and the reaction mixture was stirred for 1 hour at room temperature. 
After this period, AgI, which precipitated out during the reaction, was filtered off. 
26(PF6) was obtained as an orange solid in a nearly quantitative yield (48 mg, 0.042 
mmol) after solvent evaporation. 
31P{1H} NMR (acetone-d6, 293K): δ (ppm) = 251.7 (s, 3 P); −142.5 (hept, 1JP-F = 709.9 
Hz, PF6, 1 P).  
 
4.4.13 Preparation of [Pd3(µ-PBut2)3(CNBut)3]CF3SO3, 26(CF3SO3). 
To a solution of 26(I) (60 mg, 0.053 mmol) in 4 mL of CH2Cl2, AgCF3SO3 (13.6 mg, 
0.053 mmol) was added. The reaction mixture was stirred for 30 minutes at room 
temperature. During this period, a white salt (AgI) precipitated out. This solid was 
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filtered off and, after removal the solvent under vacuum, the final product 26(CF3SO3) 
was obtained as an orange microcrystalline solid (55 mg, 0.048 mmol, yield = 90%). 
 
4.4.14 Chemical oxidation of [Pd3(µ-PBut2)3(CNBut)3]I, 26(PF6)2. 
AgPF6 (13.4 mg, 0.053 mmol) was added to a solution of 26(I) (30 mg, 0.026 mmol) in 
3 mL of CH2Cl2. Immediately, the orange solution turns to dark pink and a dark solid 
(Ag0 and AgI) precipitated out. The precipitate was filtered off, and the solvent was 
evaporated under vacuum. The crude residue was then washed with diethyl ether (3 x 2 
mL). 26(PF6)2 was obtained as a dark pink solid in a nearly quantitative yield (31 mg, 
0.024 mmol) after solvent evaporation. 
1H NMR (acetone-d6, 293K): δ (ppm) = 16.00 (bs, PCCH3, 54 H). 
IR (CH2Cl2): ν cm-1 =2188 (C≡N) cm−1. 
IR (solid state): ν cm-1 = 2193 (C≡N) cm−1. 
 
4.4.15 Preparation of [{Pd3}(NCCH3)]PF6, 24(PF6). 
TlPF6 (52 mg, 0.149 mmol) was added to a solution of 21 (70 mg, 0.075 mmol) in 
acetonitrile (3 mL); the mixture was stirred overnight at room temperature. TlI was 
filtered off and the solvent was evaporated. The crude residue was washed with hexane 
and vacuum-dried. Complex 24(PF6) was obtained as a dark red solid (65 mg, 0.064 
mmol, yield 86%).  
1H NMR (acetone-d6, 293K): δ (ppm) = 2.90 (s, NCCH3, 3 H); 1.40 (vt, 3JH-P + 5JH-P = 
7.4 Hz, CCH3, 36 H); 1.38 (d, 3JH-P = 15.1 Hz, CCH3, 18 H).  
13C{1H} NMR (acetone-d6, 293K): δ (ppm) = 185.2 (s, Pd-CO); 124.3 (s, NCCH3); 
41.7, 40.6 (s, PC-CH3); 32.8, 32.3 (s, PC-CH3); 2.6 (s, NCCH3).  
31P{1H} NMR (acetone-d6, 293K): δ (ppm) = 275.8 (d, 2JP-P = 128.0 Hz, 2 P); 245.4 (t, 
2JP-P = 128.0 Hz, 1 P); −137.1 (hept, 1JP-F = 697.4 Hz, PF6, 1 P).  
IR (solid state): ν cm-1 = 2058, 2044 (C≡O) cm−1.  
Elemental analysis: Anal. calcd for C28H57NF6O3P4Pd3: C, 33.7%; H, 5.76% N, 1.41%. 
Found: C, 33.9%; H, 5.78%; N, 1.39%. 
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4.4.16 Preparation of [{Pd3}(NC5H5)]PF6, 25(PF6). 
An excess of TlPF6 (32 mg, 0.094 mmol) was added to a red solution of 21 (44 mg, 
0.047 mmol) in pyridine (3 mL) and the mixture was stirred for 3 days at room 
temperature. After this period the solvent was evaporated under vacuum. The crude 
residue was washed with hexane, dissolved in acetone and TlI was filtered off. Complex 
25(PF6) was obtained as a dark red solid (36 mg, 0.035 mmol, yield 74%) after 
evaporation of the solvent under vacuum.  
1H NMR (acetone-d6, 293K): δ (ppm) = 8.21 (m, NC5H5, 2 H); 7.87 (m, NC5H5, 1 H); 
7.63 (m, NC5H5, 2 H); 1.41 (d, 3JH-P = 15.0 Hz, CCH3, 18 H), 1.29 (vt, 3JH-P + 5JH-P = 7.4 
Hz, CCH3, 36 H).  
13C{1H} NMR (acetone-d6, 293K): δ (ppm) = 186.2 (s, Pd-CO); 156.0 (s, NC5H5, 2 C); 
140.2 (s, NC5H5, 1 C); 127.6 (s, NC5H5, 2 C); 41.5, 41.3 (s, PC-CH3); 33.8, 33.4 (s, PC-
CH3).  
31P{1H} NMR (acetone-d6, 293K): δ (ppm) = 258.9 (d, 2JP-P = 121.3 Hz, 2 P);  250.8 (t, 
2JP-P = 121.3 Hz, 1 P); −137.1 (hept, 1JP-F = 702.3 Hz, PF6, 1 P).  
IR (solid state): ν cm-1 = 2066 (C≡O) cm−1.  
Elemental analysis: Anal. calcd for C31H59NF6O3P4Pd3: C, 36.0%; H, 5.75%; N, 
1.35%. Found: C, 35.8%; H, 5.73%; N, 1.36%. 
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4.5 Crystallographic Section.  
 
Table 15. Crystal data and structure refinements of [{Pt3}CC-C6H4-CHO] (13). 
 13 
Empirical formula C35 H59 O3 P3 Pt3 
Formula weight 1206.03 
Crystal system Monoclinic 
Temperature (K) 293(2) 
Space group C 2/m 
a (Å) 19.025(3) 
b (Å) 15.496(2) 
c (Å) 13.934(2) 
α (°) 90.00 
β (°) 93.194(2) 
γ (°) 90.00 
U (Å3) 4101.52 
Z 4 
R-Factor (%) 4.75 
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Table 16. Crystal data and structure refinements of Pd3(PBut2)3(CO)2Br (20). 
 20 
Empirical formula C26H52BrO2P3Pd3 
Formula weight 888.70 
Crystal system Orthorhombic 
Space group Pnma  (No. 62) 
a / Å 18.084(2) 
b / Å 17.808(2) 
c / Å 11.8374(14) 
β / ° - 
U / Å3 3812.1(8) 
Z 4 
Dcalc / Mg·m−3 1.548 
µ / mm−1 2.592 
No. measured 5080 
No. unique [Rint] 4090 [0.0458] 
No. parameters 170 
R1, wR2 [I >2σ (I )] a 0.0565, 0.0979 
R1, wR2 [all data] a 0.1277, 0.1205 
Goodness of fit a on F2 0.988 
a R(Fo) = ΣFo−Fc / ΣFo; Rw(Fo2) = [Σ[w(Fo2−Fc2)2 ] / Σ[ w(Fo2)2]]½ ; w = 1 / 
[σ 2 (Fo2) + (AQ)2 + BQ] where Q = [MAX(Fo2,0) + 2Fc2] / 3; GOF = [Σ [w(Fo2–
Fc2)2]/(N–P)]½, where N, P are the numbers of observations and parameters, 
respectively. 
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Table 17. Crystal data and structure refinements of [Pd3(PBut2)3(CNBut)3](CF3SO3), 
26(CF3SO3). 
 26(CF3SO3) 
Empirical formula C40H81F3N3O3P3 SPd3 
Formula weight 1153.25 
Crystal system Monoclinic 
Space group P21/n (No. 14) 
a / Å 9.7168(6) 
b / Å 19.8254(12) 
c / Å 28.9139(17) 
β / ° 92.257(2) 
U / Å3 5565.6(6) 
Z 4 
Dcalc / Mg·m−3 1.376 
µ / mm−1 1.126 
No. measured 46049 
No. unique [Rint] 12117 [0.0392] 
No. parameters 441 
R1, wR2 [I >2σ (I )] a 0.0543, 0.1345 
R1, wR2 [all data] a 0.0887, 0.1554 
Goodness of fit a on F2 1.047 
a R(Fo) = ΣFo−Fc / ΣFo; Rw(Fo2) = [Σ[w(Fo2−Fc2)2 ] / Σ[ w(Fo2)2]]½ ; w = 1 / 
[σ 2 (Fo2) + (AQ)2 + BQ] where Q = [MAX(Fo2,0) + 2Fc2] / 3; GOF = [Σ [w(Fo2–
Fc2)2]/(N–P)]½, where N, P are the numbers of observations and parameters, 
respectively. 
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5 Appendix A 
 
5.1  1H, 31P and 195Pt NMR characterization of platinum compounds 
containing terminal phosphine and bridging phosphides. 
Besides 1H and 13C NMR, 31P and 195Pt NMR have provided a crucial support for the 
characterization of the new tri- and hexanuclear platinum cluster derivatives prepared in 
this Thesis. 
The 31P nucleus (I = ½, natural abundance = 100%) has a wide range of chemical shifts 
(550 ÷ −500 ppm, reference H3PO4) and, generally, gives sharp and well-defined peaks. 
Phosphine and phosphido ligands have signals that generally lie in different regions of 
the spectrum. The chemical shift values of coordinated aryl- or alkyl-phosphines are 
normally included in the range from +70 to −50 ppm and, generally, are shifted to lower 
field in comparison to the free phosphines (+10 ÷ −70 ppm), PIII shifts of ligands with 
electronegative substiuents (phosphites, halophosphines) move to still lower fields. 
Values of δP of bridging phosphides may be found at very low fields (450 ÷ 40 
ppm),131,132,121 typical of bridges on a metal-metal bonded edge, or at the opposite 
upfield region (50 ÷ −150 ppm),132, 121 when the metal-metal bond is absent; some 
examples of compounds which follow this rule are reported in Figure 61. 
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Figure 61. Example of δP values for bridging phosphides. 
 
While the chemical shift gives qualitative information about the type of phosphorus 
nucleus and the multiplicity of the signals indicates the number of 31P (or other NMR 
active) nuclei coupled with it, the coupling constants, which depends on dihedral bond 
angles, give information on the geometry of the complex, suggesting the relative 
positions of these nuclei.  
In the compounds prepared in this Thesis, the 31P NMR spectra are further complicated 
by the presence of platinum, only one isotope of which is NMR active (195Pt, I = ½, 
natural abundance = 33.8%).133 
In mononuclear complexes, the 33.8% of the species contains 195Pt (isotopomer A) and 
the remaining 66.2% contains NMR inactive Pt isotopes (isotopomers B). Thus, the 31P 
NMR spectrum is constituted by an intense central signal (isotopomers B, area 66.2%) 
flanked by a couple of weaker satellites, due to the coupling with 195Pt (isotopomer A, 
total area 33.8%). In mononuclear complexes, the P−Pt coupling constants reach very 
high values [1JPPt= 1000 ÷ 5000 Hz, higher than JPP (< 500 Hz)] when the two nuclei are 
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directly bonded to each other, in which case the satellites are well separated from the 
central signal. 
In polynuclear complexes, the 31P NMR spectra are more complex. In fact, due to the 
presence of more than one platinum center, the P nuclei may be directly bonded to a 
195Pt nucleus or may be separated from it by two or more bonds; in the latter case, the 
JPPt values decrease rapidly (2JPPt = 0 ÷ 300 Hz), and the central signal and the satellites 
may overlap. However, the complex shape of the spectra gives a lot of information; for 
example, in addition to the chemical shift values, the coupling constants JPPt are useful 
to evaluate if the observed P nucleus is coordinated terminally to a single platinum atom 
or bridges two (or more) metal atoms. 
As an example, Figure 62 shows how may be reconstructed the 31P{1H}NMR spectra of 
a dinuclear complex, in which only one phosphorus atom is coordinated in three 
alternative ways: a) bridging two chemically and magnetically equivalent platinum 
centers; b) bridging two unequivalent Pt atoms; c) terminally bonded to one of the two 
metal centers. The spectrum results from the sum of the subspectra due to the four 
different isotopomers A-D (isotopic composition and natural abundances shown in the 
first column). 
Isotopomer A, has inactive Pt isotopes and gives the central singlet. The most intense 
satellites are due to isotopomers B and C which give two doublets with an identical and 
large coupling constant 1JPPt1 in the case of structure a), two doublets with large, but 
different coupling constants 1JPPt1 ≠ 1JPPt2 for structure b), and two doublets, one with a 
large coupling 1JPPt2 and one with a much smaller coupling 2JPPt1 for structure c). The 
weak satellites due to istopomer D [triplet for a) and double doublets for b) and c)] 
complete the signal, which, as a whole, appears as a quintuplet (intensities ratio ca. 
1:8:18:8:1, Japparent = 1JPPt/2) in case a), contains nine lines with an intensities ratio of ca. 
1:4:4:1:16:1:4:4:1 in case b) or appears as a triple triplet with nine lines of relative 
intensity of ca. 1:4:1:4:16:4:1:4:1 in case c).  
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Figure 62. Subspectra due to the different isotopomers and final spectrum 
(31P{1H}NMR) of a dinuclear platinum complex with only one phosphorus ligand. 
 
The 195Pt NMR134 spectra are, also, useful for the characterization of polynuclear 
compounds. Here, the chemical shift range is really huge (ca. 13000 ppm), and thus the 
signals are quite generally well separated. However, it is difficult to anticipate in which 
region of the spectrum the signals will fall; moreover, it is not possible to formulate 
general rules which correlate the chemical shift to the type of ligands coordinated to the 
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metal atom; only approximated indications may be provided by examining the data 
reported in literature for compounds with structures similar to those under investigation.  
The coupling constants 1JLPt are useful for structural assignment: for examples, in Pt(II) 
approximately square planar systems, similar to those prepared in our laboratories and 
in this Thesis, we can find 1J = 700 ÷ 1400 Hz when L = H (decreases for bridging 
hydrides), and 1J = 1400 ÷ 5000 Hz when L = P. The Pt−Pt coupling constant values 
(1JPtPt) are, also, important because are often correlated to the M−M bond order: the 
general trend demonstrates that large 1JPtPt values (1000 ÷ 9000 Hz) are attributable to 
M−M bond interactions. On the other hand, this trend is not always observed, and the 
presence of M−M bond should be confirmed by using other methods (i.e. determining 
the solid state structure by crystallographic studies). 
In this Thesis, both tri- and hexanuclear platinum clusters have been prepared. As 
previously described, the trinuclear compounds, with general formula [Pt3(µ-
PBut2)3(CO)2X], have an internal triangular core of platinum atoms and three bridging 
di-t-butylphosphido ligands. Due to the presence of the platinum atoms, the 31P and 
195Pt NMR final spectra are obtained by the sum of the subspectra due to eight 
isotopomers with different 195Pt content, whose composition and natural abundance are 
reported in Figure 63. 
 
Figure 63. Trinuclear clusters isotopomers. 
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The signals observed in the 31P{1H} and 195Pt{1H} NMR spectra of the triangular 
clusters prepared in this Thesis, have a characteristic shape consistent with the expected 
spin system AA’MXX’Y (AA’= P1P3, M = P2, XX’ = Pt2Pt3, Y = Pt1), defined by four 
chemical shift values and nine coupling constants. 
The 31P{1H} NMR spectra show two signals whose central lines, due to isotopomer A, 
are a doublet and a triplet, in accord with the presence of two equivalent phosphides (P1, 
P3) coupled to a third one (P2). Each signal is flanked by satellites due to the presence of 
isotopomers B-H. Isotopomers B and C (AA’MX spin system, A, A’ = P1, P3; M = P2; 
X = Pt2 (in B) or Pt3 (in C)] are equivalent and give the more intense satellites (total 
abundance 29.6%). The M part can be analyzed under first-order approximation and 
gives a doublet of triplets while the A part is not first order. The first order subspectrum 
due to isotopomer D (A2MX, A = P1, P3; M = P2; X = Pt1; 14.8%) consists of a doublet 
of doublets (part A) and a doublet of triplets (part M). Finally, the signal is completed 
by the presence of weak satellites due to the isotopomers E-H.  
The 195Pt{1H} NMR spectra show two signals respectively assigned to the two 
equivalent Pt2 and Pt3 nuclei and to the Pt1 nucleus bonded to the X ligand. The first 
signal is a doublet of doublet of doublets, due to isotopomers B and C; the second is a 
doublet of triplets due to isotopomer D; moreover, each signal is complicated by the 
presence of weaker lines due to the less abundant isotopomers E-H. Generally, the 
values of δP and δPt and many of the nine coupling constants which determine the shape 
of both the 31P{1H} and the 195Pt{1H} NMR spectra can be obtained directly from the 
spectra and the remaining ones are quite easily obtained by spectral simulation. 
Together with the 31P and 195Pt, the 1H NMR spectra may provide important structural 
information, in particular, when two P nuclei, with alkyl substituents which have 
protons bonded to the α or β carbon atoms (i. e. R = Me, But), are coordinated to the 
same platinum center (both in mononuclear and polynuclear systems).  
When the two P nuclei are in cis or pseudo-cis position (PMP angle ca. 90°, Figure 64), 
the 1H NMR spectrum appears as a doublet, due to the coupling between the alkyl 
protons with the P nucleus to which the alkyl chain is directly bonded (2JHP when R = 
Me and 3JHP when R = But). 
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Figure 64. Alkyl protons signal in the 1H NMR spectrum for cis or pseudo-cis systems.  
 
When the two nuclei are in trans or pseudo-trans position (PMP angle ca. 180°, Figure 
65), the P-P coupling constant becomes enough large to affect the 1H NMR spectrum of 
the alkyl protons. In this case, the spectrum appears as a triplet, called virtual triplet, 
and the gap between the triplet lines gives the sum of the couplings between the alkyl 
protons and both the P nuclei (2JHP + 4JHP when R = Me and 3JHP + 5JHP when R = But). 
 
Figure 65. Alkyl protons signal 1H NMR spectrum for trans or pseudo-trans systems. 
 
Finally, intermediate values of the P-P coupling constants correspond to a spatial 
arrangement of the two phosphorus nuclei with PMP angle between 90° and 180° 
(Figure 66). In this case, the spectrum shows signals intermediate between a doublet and 
a virtual triplet (Figure 66); the gap between the lines is due to the sum of the coupling 
between the alkyl protons and both the P nuclei, as observed in the trans and pseudo-
trans systems). 
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Figure 66. Alkyl protons signal 1H NMR spectrum for intermediate systems. 
 
The 1H NMR spectra of the hexanuclear clusters prepared in this Thesis [general 
structure [Pt6(µ-PBut2)4(CO)4L2]n+ (n = 0, 2; Figure 67)] show one signal due to the t-
butyl protons of the phosphido ligands similar to the one illustrated in Figure 66, where 
the peak separation is attributed to the sum of the two coupling constants 3JHP + 5JHP.  
 
Figure 67. General structure of [Pt6(µ-PBut2)4(CO)4L2]n+. 
 
The 31P{1H} and 195Pt{1H} NMR spectra result from the sum of the subspectra arising 
from 22 groups of non-equivalent isotopomers (total number 26 = 64), and nearly all the 
subspectra cannot be interpreted under simple first-order approximation. Except in some 
favorable case in which some signal is deceptively simple, in general the signals are 
predictably very complex and quite impossible to simulate. Both spectra, however, are 
useful for the characterization. In fact, the shape of the signal remains substantially 
unchanged when two new ligands are coordinated to the two apical platinum centers; on 
the contrary, the signal would drastically change if one or more CO coordinated to the 
internal platinum atoms were substituted. In the 31P{1H} of symmetrical {Pt6}X2 
clusters the four P atoms are isochronous and therefore give only one signal (a central 
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singlet flanked by a complex set of Pt satellites), while unsymmetrical {Pt6}XY 
derivatives give two different signals. Analogously, the 195Pt{1H}NMR spectra of 
{Pt6}X2 derivatives show two signals respectively attributed, basing on the relative 
intensities, to the four inner and to the two apical platinum centers; these signals are 
again doubled in unsymmetrical {Pt6}XY systems. 
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6 Appendix B 
 
6.1 Cyclovoltammetric evaluation of intramolecular electronic 
communication. 
The electrochemical behavior of the organometallic compounds depends on the 
complex nuclearity, on the nature of the metal centers and on the ligands features.135 
The reduction and/or oxidation potentials can be quickly determined by cyclic 
voltammetry.136 This analytic method allows to measure the current as a function of the 
potential applied to a stationary electrode, under full polarization conditions; the applied 
potential, which has the shape of a triangular wave, is, at first, linearly varied from the 
initial Ei to the final Ef value, at constant speed. Successively, the potential scan 
direction is inverted in order to return to the initial potential value (Figure 68). 
 
Figure 68. Potential scan vs. time in a cyclovoltammetric experiment. 
 
In the cyclovoltammetric experiments, three different electrodes are used: a) the 
working electrode, made of inert materials (generally Pt, Au, and Hg), is the electrode 
on which the reactions occur; b) the reference electrode, with a well-known potential, is 
the internal reference; c) the auxiliary (or counter) electrode, generally a platinum wire, 
which ensure that the current does not pass through the reference electrode, thus 
preventing that the potential of the latter is interfered.  
Potential 
Time 
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The voltammogram has a double wave shape (Figure 69), one for the anodic process 
(oxidation) and one for the cathodic process (reduction). Significant parameters in 
cyclic voltammetry are shown in Figure 69. 
  
 
♦ Epc: cathodic peak potential 
♦ Epa: anodic peak potential 
♦ Ipc: cathodic current  
♦ Ipa: anodic current 
 
 
 
Figure 69. Basic parameters for a cyclic voltammogram. 
 
Depending on the shape of the voltammogram it is possible to determine if the process 
is reversible, irreversible or quasi-reversible. The redox process reversibility can be 
chemical and electrochemical. 
A general reduction process: 
Ox + ne- Red  
is chemically reversible when the process is not followed by chemical reactions; in this 
case the current intensity of the forward peak is the same as that of the return peak. The 
process is chemically irreversible when it is followed by chemical reactions; in this case 
the initial species disappear in favor of the formation of new compounds and the return 
peak in the voltammogram is absent. However, there could be competition between the 
rate of the chemical reaction which follows the redox process and the rate of potential 
scanning; in this case the process is chemically quasi-reversible and the return peak will 
be more and more intense upon increasing the scan potential rate. 
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Instead, the electrochemical reversibility concerns rate of electron transfer to the 
electrode: an electrode process is defined as electrochemically reversible when the 
electron transfer is fast enough to preserve the redox couple at the equilibrium, during 
the scan potential. In this case, the ipa/ipc ratio is ca. 1 and it is independent from the 
scan rate; moreover, the difference between the cathodic and the anodic peak potential, 
ΔEp, is 59/n mV (where n is the number of the electrons involved in the redox process). 
In the case of an electrochemically quasi-reversible process, the value of ΔEp is higher 
than 59 mV and increases with the scan rate, while the ipa/ipc ratio commonly remains 
ca. 1. Finally, in an electrochemically irreversible process, the Ep value changes with 
the scan rate and the return peak is generally absent (Figure 70). 
 
Figure 70. Qualitative behavior of the cyclic voltammetric profiles for a reduction 
process having features of: a) reversibility, b) quasi-reversibility and c) irreversibility. 
 
The cyclovoltammetric technique allows to preliminarily evaluate the presence of 
electronic communication between two metal centers linked by a spacer. 
As an example we consider the voltammetric profile after the removal of two electrons 
from a compound containing two metal centers, M, connected by an organic spacer. In 
the presence of electronic communication between the two metal atoms, the 
voltammogram would show two different peaks, E1pa and E2pa, originated by two 
subsequent monoelectronic oxidation processes (profile a, Figure 71). In fact, the 
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removal of the first electron from one metal center causes electron density variations, 
affecting the oxidation potential of the second metal center. When the spacer behaves as 
an insulator, the profile shows only one peak, due to the concurrent oxidation of both 
the metal atoms (bielectronic process, profile b, Figure 71). 
 
Figure 71. Representation of the cyclic voltammetric profiles expected for a dinuclear 
compound in which two metal centers are linked by a spacer, if electronic 
communication between them is present a) or not b). 
 
The interaction extent between the metal centers is generally evaluated by measuring 
the equilibrium constant, Kcom. In the dinuclear complex I in the example of equation 
(1), the removal of one electron from one of the two metal centers leads to the formation 
of a mixed valence complex (MV), which, successively, undergoes a further 
monoelectronic oxidation, generating the bi-oxidized species II. 
Mn MMMn+1Mn
-e- -e-
+e- +e-
Mn
n+1 n+1
I IIMV
(1)
E°
1
E°
2
 
The I, II and MV species are correlated by the comproportionation equilibrium, shown 
in equation (2), whose equilibrium constant, Kcom [defined in equation (3)], is a function 
a) 
b) 
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of the difference between the potentials of the two redox processes reported in equation 
(1), (ΔE° = E°2 – E°1). 
Mn MM Mn+1MnMn
n+1 n+1
I II MV
(2)
Kcom
+ 2
K com =  e 
!E°F/RT (3)  
The concentration of the mixed valence specie MV tends to zero when ΔE° decreases 
and the electronic communication is efficient when high ΔE° (and, therefore, Kcom) 
values are observed; in these cases it is generally possible to isolate the MV species. 
The spectroscopic investigation of mixed-valence compounds in the near IR region 
represents an alternative way to get information about the electron transfer mechanisms 
and about the ability of the bridge to mediate electron transfer. In the near infrared 
region, a new band appears for the mixed-valence compound, which is absent in the 
neutral and in the dioxidized compounds. The band may be assigned to the intervalence 
charge transfer transition (IVCT) by the low energy and the large band-width. Such 
band occurs in all the solvents in which the system is soluble, and its position is 
independent of the solvent, suggesting that the compound can be classified as belonging 
to the Robin-Day’s class III. According to this classification,137 all the mixed-valence 
compounds may be classified in three different classes based on the intramolecular 
electronic delocalization between the two sites. 
Class I: the two sites behave as independent. The physical and electronic properties of 
the compound are substantially identical to that of the isolated components. The system 
may be described as “valence trapped”. No intervalence band is present. 
Class II: the two sites interact weakly, there is partial electronic delocalization but the 
two sites are still distinguishable. One or more intervalence bands are present in the 
visible or near infrared region of the spectrum. The electrons are not equally delocalized 
between the two sites. 
Class III: the electronic delocalization is maximum, the two sites result 
undistinguishable and the electrons are equally delocalized. Physical and electronic 
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properties and spectra result totally different from those exhibited by the two separated 
components. For example, in the Prussian Blue FeIII4[FeII(CN)6]3 the colour is totally 
different from that of the typical complexes of Fe(II) and Fe(III), respectively green and 
light yellow. 
Anyway, the Robin and Day classification is not so strict as depicted above. For some 
compounds, especially those with an appreciable electronic communication between the 
donor and the acceptor sites, it is not so easy to classify them as a Class II or a Class III 
member. As pointed out by Meyer,138 many mixed valence compounds may be 
classified in a fourth class which is intermediate between Class II and Class III. Such 
compounds exhibit some behavior typical of delocalized compounds and other peculiar 
of localized systems. 
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